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1
RADIATION HARDENED DIGITAL CIRCUIT

RELATED APPLICATIONS

This application claims the benefit of provisional patent
application Ser. No. 62/028,669, filed Jul. 24, 2014, the
disclosure of which is hereby incorporated herein by refer-
ence in its entirety.

FIELD OF THE DISCLOSURE

This disclosure relates generally to radiation hardened
digital circuits.

BACKGROUND

State machines built from integrated circuits need to be
radiation hardened to prevent soft errors that occur when a
high energy particle travels through the integrated circuit’s
semiconductor substrate. This is particularly important when
the state machine operates in high radiation environments
such as outer space. An ionizing particle traveling through
the semiconductor substrate may cause a transient voltage
glitch, i.e., a single event transient (SET), or may cause a
sequential state element to store the wrong state, i.e., a single
event upset (SEU).

One technique for mitigating such effects of high energy
radiation is to provide a self-correcting triple-mode redun-
dant (TMR) circuit. In this manner, if a radiation strike
results in a soft error in one copy of the circuit, the other two
copies of the circuit can correct the soft error in the affected
copy of the circuit through self-correction techniques. How-
ever, charge collection can affect clocking circuitry and in
particular can cause a single event transient (SET) in the
global clock signal. This can cause sampling at incorrect
times thereby defeating the self-correcting mechanism of the
redundancy. Therefore radiation hardening techniques are
needed for clock signals as well as storage elements. Addi-
tionally, SETs may affect the state element inputs.

SUMMARY

This disclosure relates generally to radiation hardened
digital circuits. In one embodiment, a radiation hardened
digital circuit includes a delay network and a first Muller C
element. The delay network is configured to receive a global
clock signal and generate a first delayed clock signal from
the global clock signal such that the first delayed clock
signal is delayed with respect to the global clock signal. To
provide a radiation hardened clock signal, the first Muller C
element is configured to receive the global clock signal and
the first delayed clock signal. The first Muller C element is
further configured to generate a first clock input signal and
set the first clock input signal to one of a set of clock states
in response to the first delayed clock signal and the global
clock signal each being provided in a same one of the set of
clock states, wherein the set of clock states comprises a first
clock state and a second clock state. Additionally, the first
Muller C element is configured to hold the first clock input
signal in the one of the set of clock states in response to the
first delayed clock signal and the global clock signal being
provided in different ones of the set of clock states. Thus, by
not changing clock states unless the global clock signal and
the first delayed clock signal are in the same clock state, a
radiation strike is prevented from causing a soft error in the

10

15

20

25

30

35

40

45

50

55

60

65

2

first clock input signal. As such, sequential state elements
can be clocked with clock signals that are radiation hard-
ened.

Those skilled in the art will appreciate the scope of the
present disclosure and realize additional aspects thereof after
reading the following detailed description of the preferred
embodiments in association with the accompanying drawing
figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The accompanying drawing figures incorporated in and
forming a part of this specification illustrate several aspects
of the disclosure, and together with the description serve to
explain the principles of the disclosure.

FIG. 1A illustrates an embodiment of a radiation hardened
state machine with radiation hardened delayed clock gen-
eration circuitry within sequential state circuits.

FIG. 1B illustrates an embodiment of a radiation hardened
state machine with radiation hardened delayed clock gen-
eration circuitry coupled to a global clock tree.

FIG. 2 illustrates one embodiment of a radiation hardened
digital circuit in accordance with the embodiment in FIG.
1B.

FIG. 3 illustrates an exemplary signal diagram for the
radiation hardened digital circuit shown in FIG. 2.

FIG. 4 illustrates an exemplary radiation hardened digital
circuit in accordance to one embodiment of the design
shown in FIG. 1A.

FIG. 5A illustrates an exemplary signal diagram for the
radiation hardened digital circuit shown in FIG. 4 with no
soft errors and during normal operation.

FIG. 5B illustrates an exemplary signal diagram for the
radiation hardened digital circuit shown in FIG. 4 where a
soft error is caused by a radiation strike on the first pulsed
clock signal.

FIG. 5C illustrates an exemplary signal diagram for the
radiation hardened digital circuit shown in FIG. 4 where a
soft error is caused by a radiation strike on the input bit
signal.

FIG. 5D illustrates an exemplary signal diagram for the
radiation hardened digital circuit shown in FIG. 4 where a
soft error is caused by a radiation strike on the third pulsed
clock signal.

FIG. 6 is a block diagram of an exemplary pulsed clock
latch.

FIG. 7 illustrates an exemplary circuit diagram of the
pulsed clock latch shown in FIG. 6.

FIG. 8 illustrates one embodiment of a triple mode
redundant majority voted pulsed clock latch.

FIG. 9 illustrates a physical layout of one embodiment of
a sixteen bit triple mode redundant majority voted pulsed
clock latch (TMRMVPCL) shown in FIG. 1A, which is
organized in cell columns.

FIG. 10 illustrates the column organization of the sixteen
bit TMRMVPCL of the SSC shown in FIG. 9.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
embodiments and illustrate the best mode of practicing the
embodiments. Upon reading the following description in
light of the accompanying drawing figures, those skilled in
the art will understand the concepts of the disclosure and
will recognize applications of these concepts not particularly
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addressed herein. It should be understood that these con-
cepts and applications fall within the scope of the disclosure
and the accompanying claims.

FIG. 1A illustrates a block diagram of one embodiment of
a radiation hardened state machine (RHSM) 10, which is an
example of a radiation hardened digital circuit. The RHSM
10 includes a pipeline circuit 12. The pipeline circuit 12 is
a finite state machine that has been radiation hardened. The
operation of the finite state machine provided by the pipeline
circuit 12 may be loosely analogized to an assembly line.
More specifically, the pipeline circuit 12 has pipeline stages
14, 16, and 18. In the pipeline circuit 12, the different
pipeline stages 14, 16, 18 each handle a different operation
of the finite state machine so that the various operations of
the finite state machine are handled essentially in series.
Examples of operations that may be provided by the differ-
ent pipeline stages 14, 16, 18 for the finite state machine
include instruction fetch operations, instruction decode
operations, encode operations, register file operations, fetch
operations, instruction execution operations, data memory
access operations, register file write back operations, and/or
the like. As shown in FIG. 1A, each of the pipeline stages 14,
16, 18 in the pipeline circuit 12 includes a different combi-
national logic circuit (CLC) and a different sequential state
circuit (SSC). In the pipeline circuit 12, the CLCs of the
different pipeline stages 14, 16, 18 are specialized to handle
the particular operation of each of the the pipeline stages 14,
16, 18. Accordingly, for each of the pipeline stages 14, 16,
18 in the pipeline circuit 12, the CLCs include an arrange-
ment of combinational logic elements (i.e., logic gates)
configured to provide logic that implements the operation of
the pipeline stages 14, 16, 18. For example, static combi-
national elements and/or dynamic combinational elements
may be utilized. While the pipeline circuit 12 shown in FIG.
1A has three pipeline stages 14, 16, 18, it should be noted
that the RHSM 10 may include any number of pipeline
stages. Additionally, feedback may exist between any of the
pipeline stages. This may depend on the particular finite
state machine to be provided for the particular application.
Furthermore, the RHSM 10 shown in FIG. 1A has been
simplified for the purposes of describing relevant concepts
related to the application.

To synchronize the pipeline stages 14, 16, 18 of the
pipeline circuit 12, the SSCs coordinate transfer of valid
states between the different pipeline stages 14, 16, 18 in
accordance with a global clock signal 20, as explained in
further detail below. More specifically, the global clock
signal 20 is received by the pipeline circuit 12. In this
particular embodiment, the pipeline circuit 12 is assumed to
be arranged in a single-phase clock style so that each of the
SSCs in the different pipeline stages 14, 16, 18 receives
versions of the same global clock signal 20. Alternatively,
multiple-phase clock styles may be used where different
versions of the global clock signal 20 are provided having
different phases. This may depend, for example, on the
particular clock distribution technique used for the RHSM
10. When multiple-phase clock styles are implemented, each
of the SSCs in the different pipeline stages 14, 16, 18 may
receive a different version of the global clock signal 20
within each of the pipeline circuits 12. Additionally, when
the CLCs are implemented using dynamic combinational
elements, coordination of precharging may be coordinated
by different clock signals if desired.

The SSC in the pipeline stage 14 receives a data input 22.
Based on the data input 22, the SSC is synchronized using
the global clock signal 20 in the pipeline stage 14 of the
pipeline circuit 12 in order to generate a data output 24. In
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this embodiment, the data input 22 for the pipeline stage 14
includes a plurality of input bit signals that provide the
various bits of the data input 22. Accordingly, the data output
24 from the SSC of the pipeline stage 14 includes a plurality
of output bit signals that provide the various bits of the data
output 24. In this embodiment, the SSC in the pipeline stage
14 includes a triple mode redundant multi-bit majority voted
pulsed clock latch (TMRMBMYVPCL) that receives the data
input 22 and generates the data output 24, as explained in
further detail below.

The CLC of the pipeline stage 14 performs a designated
pipeline operation in accordance with its logical arrange-
ment to generate a data input 26 for the next pipeline stage
16.

It should be noted that the data input 22 may have any
number of input bit signals, depending on a data type. The
data input 26 may also have any number of input bit signals,
depending on the data type. However, the data input 22 and
the data input 26 may have different numbers of input bit
signals, since the data types of the data input 22 and the data
input 26 may be different. To illustrate one non-limiting
example, if the pipeline stage 14 provides a decoding
operation, the number of input bit signals in the data input
22 would be greater than the number of input bit signals in
the data input 26. In another non-limiting example, if the
pipeline stage 14 provides an encoding operation, the num-
ber of input bit signals in the data input 22 would be less than
the number of input bit signals in the data input 26.

The SSC in the pipeline stage 16 receives the data input
26 from the previous pipeline stage 14. Based on the data
input 26, the SSC is synchronized using the global clock
signal 20 in the pipeline stage 16 in order to generate a data
output 28. As mentioned above, the data input 26 for the
pipeline stage 16 includes a plurality of input bit signals that
provide the various bits of the data input 26. Accordingly,
the data output 28 from the SSC of the pipeline stage 16
includes a plurality of output bit signals that provide the
various bits of the data output 28. In this embodiment, the
SSC in the pipeline stage 16 includes a TMRMBMVPCL
that receives the data input 26 and generates the data output
28, as explained in further detail below.

The CLC of the pipeline stage 16 performs the designated
pipeline operation in accordance with its logical arrange-
ment to generate a data input 30 for the next pipeline stage
18. The data input 26 and the data input 30 may or may not
have different numbers of input bit signals, depending on
their data types.

The SSC in the pipeline stage 18 receives the data input
30 from the previous pipeline stage 16. Based on the data
input 30, the SSC is synchronized using the global clock
signal 20 in the pipeline stage 18 in order to generate a data
output 32. In FIG. 1A, the data input 30 for the pipeline stage
18 includes a plurality of input bit signals that provide the
various bits of the data input 30. Accordingly, the data output
32 from the SSC of the pipeline stage 18 includes a plurality
of output bit signals that provide the various bits of the data
output 32. In this embodiment, the SSC in the pipeline stage
18 includes a TMRMBMVPCL that receives the data input
30 and generates the data output 32, as explained in further
detail below. The CLC of the pipeline stage 18 performs a
designated pipeline operation in accordance with its logical
arrangement to generate a data input 34. The data input 30
and the data input 34 may or may not have different numbers
of input bit signals, depending on their data types.

As mentioned above, different embodiments of the
RHSM 10 may have any number of pipeline stages. For
instance, the data input 34 may be transmitted externally to
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one or more external devices or may be provided to pipeline
stages downstream from the pipeline stage 18. Similarly, the
data input 22 for the pipeline stage 14 may be received from
external devices or may be received from upstream pipeline
stages. In fact, any design for a finite state machine may be
used as a design for an embodiment of the RHSM 10. In this
embodiment, each of the SSCs in the different pipeline
stages 14, 16, 18 is radiation hardened and thus each is an
example of a radiation hardened digital circuit. Since the
RHSM 10 includes SSCs that are radiation hardened, the
RHSM 10 is a radiation hardened digital circuit.

As described above, each of the SSCs is synchronized
using the global clock signal 20. The global clock signal 20
oscillates between a set of clock states. Generally, the set of
clock states includes a first clock state and a second clock
state, such as a high clock state and a low clock state. The
global clock signal 20 may thus be provided as a temporal
series of clock pulses. The global clock signal 20 provides
the temporal series of clock pulses in a standard temporal
clock format. Thus, the global clock signal 20 in this
embodiment is approximately isochronous and has approxi-
mately a 50% duty cycle. Accordingly, the global clock
signal 20 has a substantial time period of oscillation, which
defines a temporal duration of each clock cycle. Further-
more, during each clock cycle, the global clock signal 20
provides a clock pulse for approximately 50% of the tem-
poral duration of each clock cycle, and thus the global clock
signal 20 is in the first clock state for approximately 50% of
the temporal duration of each clock cycle and in the second
clock state for approximately 50% of the temporal duration
of each clock cycle.

The RHSM 10 includes a global clock circuit 36 config-
ured to generate and regulate the global clock signal 20. The
global clock circuit 36 may include a crystal oscillator, such
as a quartz piezoelectric oscillator, configured to generate
the global clock signal 20. Performance monitoring circuitry
and phase adjustment circuitry may also be provided in the
global clock circuit 36 in order to regulate the global clock
signal 20. The RHSM 10 includes a global clock tree 38
coupled to each of the SSCs. The global clock tree 38
includes clock paths that distribute clock signal to the SSCs
of the different pipeline stages 14, 16, 18. In this embodi-
ment, the global clock circuit 36 is coupled to the global
clock tree 38 so that the global clock signal 20 is provided
to each of the SSCs of the different pipeline stages 14, 16,
18.

In this embodiment, each of the SSCs includes a radiation
hardened delay clock generation circuit (RHDCGC). More
specifically, the SSC in the pipeline stage 14 includes an
RHDCGC. The RHDCGC is coupled to the global clock tree
38 and is configured to receive the global clock signal 20.
The RHDCGC is configured to provide a first clock input
signal 40A-14, a second clock input signal 40B-14 that is
delayed with respect to the first clock input signal 40A-14,
and a third clock input signal 40C-14 that is delayed with
respect to the second clock input signal 40B-14 and has an
even greater delay with respect to the first clock input signal
40A-14. For example, the second clock input signal 40B-14
is delayed with respect to the first clock input signal 40A-14
by delay duration, and the third clock input signal 40C-14 is
delayed with respect to the second clock input signal 40B-14
by approximately the same delay duration. Accordingly, the
third clock input signal 40C-14 is delayed with respect to the
first clock input signal 40A-14 by approximately double the
delay duration.

The RHDCGC is configured to protect a radiation strike
from resulting in a soft error in at least two of the clock input
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signals 40A-14, 40B-14, 40C-14. In one exemplary embodi-
ment, the RHDCGC is configured to generate the first clock
input signal 40A-14, the second clock input signal 40B-14,
and the third clock input signal 40C-14 from the global clock
signal 20. Each of the clock input signals 40A-14, 40B-14,
40C-14 provides the temporal series of clock pulses in a
standard temporal clock format. Thus, each of the clock
input signals 40A-14, 40B-14, 40C-14 has the substantially
the same time period of oscillation as the global clock signal
20, which defines a temporal duration of each clock cycle of
each of the clock input signals 40A-14, 40B-14, 40C-14.

Furthermore, during each clock cycle of each of the clock
input signals 40A-14, 40B-14, 40C-14, ecach of the clock
input signals 40A-14, 40B-14, 40C-14 provides a clock
pulse for approximately 50% of the temporal duration of
each clock cycle, and thus each of the clock input signals
40A-14, 40B-14, 40C-14 is in the first clock state for
approximately 50% of the temporal duration of each clock
cycle and in the second clock state for approximately 50%
of the temporal duration of each clock cycle. Thus, each of
the clock input signals 40A-14, 40B-14, 40C-14 has a 50%
duty cycle. However, the clock cycles, and thus the clock
pulses, of the second clock input signal 40B-14 are delayed
with respect to the clock cycles, and thus the clock pulses,
of'the first clock input signal 40A-14. Additionally, the clock
cycles, and thus the clock pulses, of the third clock input
signal 40C-14 are delayed with respect to the clock cycles,
and thus the clock pulses, of the second clock input signal
40B-14. Accordingly, the clock cycles, and thus the clock
pulses, of the third clock input signal 40C-14 have an even
greater delay with respect to the clock cycles, and thus the
clock pulses, of the first clock input signal 40A-14. It should
be noted that in this exemplary embodiment, the first clock
input signal 40A-14 may be delayed with respect to the
global clock signal 20 Also, in the exemplary embodiment,
the RHDCGC is configured to protect a radiation strike from
resulting in a soft error in the first clock input signal 40A-14,
in the second clock input signal 40B-14, and in the third
clock input signal 40C-14. The RHDCGC is thus a radiation
hardened digital circuit.

In an alternative exemplary embodiment, the RHDCGC is
configured to pass the global clock signal 20 as the first
clock input signal 40A-14 and generate the first clock input
signal 40A-14, the second clock input signal 40B-14, and
the third clock input signal 40C-14 from the global clock
signal 20. The first clock input signal 40A-14, the second
clock input signal 40B-14, and the third clock input signal
40C-14 are delayed in the same manner described above for
the other exemplary embodiment described above. How-
ever, since the first clock input signal 40A-14 is provided as
the global clock signal 20, the first clock input signal 40A-14
is not delayed with respect to the global clock signal 20.
Furthermore, since the RHDCGC simply passes the global
clock signal 20 as the first clock input signal 40A-14, the
RHDCGC is only configured to protect a radiation strike
from resulting in a soft error in the second clock input signal
40B-14 and in the third clock input signal 40C-14 but not in
the first clock input signal 40A-14. The RHDCGC is thus a
radiation hardened digital circuit.

The TMRMBMVPCL in the SSC of the pipeline stage 14
is coupled to the RHDCGC in the SSC of the pipeline stage
14 so as to receive the first clock input signal 40A-14, the
second clock input signal 40B-14, and the third clock input
signal 40C-14. More specifically, the TMRMBMVPCL
includes a triple mode redundant pulse clock generator
TMRPCG. The TMRPCG is configured to generate a first
pulsed clock signal 42A-14 from the first clock input signal
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40A-14, a second pulsed clock signal 42B-14 from the
second clock input signal 40B-14, and a third pulsed clock
signal 42C-14 from the third clock input signal 40C-14.
Since the first pulsed clock signal 42A-14 is generated from
the first clock input signal 40A-14, the second pulsed clock
signal 42B-14 is generated from the second clock input
signal 40B-14, and the third pulsed clock signal 42C-14 is
generated from the third clock input signal 40C-14, the
TMRPCG provides the second pulsed clock signal 42B-14
such that the second pulsed clock signal 42B-14 is delayed
with respect to the first pulsed clock signal 42A-14, and
provides the third pulsed clock signal 42C-14 such that the
third pulsed clock signal 42C-14 is delayed with respect to
the second pulsed clock signal 42B-14 and has an even
greater delay with respect to the first pulsed clock signal
42A-14. For example, the second pulsed clock signal 42B-
14 is delayed with respect to the first pulsed clock signal
42A-14 by the delay duration, and the third pulsed clock
signal 42C-14 is delayed with respect to the second pulsed
clock signal 42B-14 by approximately the same delay dura-
tion. Accordingly, the third pulsed clock signal 42C-14 is
delayed with respect to the first pulsed clock signal 42A-14
by approximately double the delay duration.

Each of the pulsed clock signals 42A-14, 42B-14, 42C-14
provides a temporal series of clock pulses in a pulsed
temporal clock format. Each of the pulsed clock signals
42A-14, 42B-14, 42C-14 has substantially the same time
period of oscillation as the global clock signal 20, which
defines a temporal duration of each clock cycle of each of
the pulsed clock signals 42A-14, 42B-14, 42C-14. However,
during each clock cycle of each of the pulsed clock signals
42A-14, 42B-14, 42C-14, each of the pulsed clock signals
42A-14, 42B-14, 42C-14 provides a clock pulse for much
less than 50% of the temporal duration of each clock cycle,
and thus each of the pulsed clock signals 42A-14, 42B-14,
42C-14 is in the clock state of the clock pulse for approxi-
mately much less than 50% of the temporal duration of each
clock cycle and in the other clock state for the remainder of
the temporal duration of each clock cycle. Thus, each of the
pulsed clock signals 42A-14, 42B-14, 42C-14 has a duty
cycle that is much less than 50%. Furthermore, the clock
cycles, and thus the clock pulses, of the second pulsed clock
signal 42B-14 are delayed with respect to the clock cycles,
and thus the clock pulses, of the first pulsed clock signal
42A-14. Additionally, the clock cycles, and thus the clock
pulses, of the third pulsed clock signal 42C-14 are delayed
with respect to the clock cycles, and thus the clock pulses,
of the second pulsed clock signal 42B-14. Accordingly, the
clock cycles, and thus the clock pulses, of the third pulsed
clock signal 42C-14 have an even greater delay with respect
to the clock cycles, and thus the clock pulses, of the first
pulsed clock signal 42A-14. It should be noted that in this
exemplary embodiment, the first pulsed clock signal 42A-14
may be delayed with respect to the global clock signal 20.

The TMRMBMVPCL of the SSC of the pipeline stage 14
includes a plurality of triple mode redundant majority voted
latches (TMRMVL). Each of the TMRMVLs is configured
to receive a different one of the input bit signals in the data
input 22 and generate a different one of the output bit signals
in the data output 24. Furthermore, each of the TMRMVLs
is coupled to the TMRPCG so that each of the TMRMVLs
in the TMRMBMVPCL is configured to receive the first
pulsed clock signal 42A-14, the second pulsed clock signal
42B-14, and the third pulsed clock signal 42C-14 from the
TMRPCG. As explained in further detail below, each of the
TMRMVLs includes three redundant pulse latches. A first
one of the pulse latches in each of the TMRMVLs is
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configured to receive the first pulsed clock signal 42A-14, a
second one of the pulse latches in each of the TMRMVLs is
configured to receive the second pulsed clock signal 42B-14,
and a third one of the pulse latches in each of the TMRMVLs
is configured to receive the third pulsed clock signal 42C-14.
Each of the three redundant pulse latches in each of the
TMRMVLs is configured to receive the same input bit signal
from the data input 22.

The first one of the pulse latches in each of the TMRM-
VLs is configured to sample an input bit state of the input bit
signal in response to a clock pulse in the first pulsed clock
signal 42A-14 and generate a first output bit signal having a
first output bit state set in accordance to the input bit state of
the input bit signal received by the first pulsed clock signal
42A-14. While a clock pulse is not being provided by the
first pulsed clock signal 42A-14, the first output bit state of
the first output bit signal is held and thus not affected by the
input bit state. The second one of the pulse latches in each
of the TMRMVLs is configured to sample an input bit state
of the input bit signal in response to a clock pulse in the
second pulsed clock signal 42B-14 and generate a second
output bit signal having a second output bit state set in
accordance to the input bit state of the input bit signal
received by the second pulsed clock signal 42B-14. While a
clock pulse is not being provided by the second pulsed clock
signal 42B-14, the second output bit state of the second
output bit signal is held and thus not affected by the input bit
state. The third one of the pulse latches in each of the
TMRMVLs is configured to sample an input bit state of the
input bit signal in response to a clock pulse in the third
pulsed clock signal 42C-14 and generate a third output bit
signal having a third output bit state set in accordance to the
input bit state of the input bit signal received by the third
pulsed clock signal 42C-14. While a clock pulse is not being
provided by the third pulsed clock signal 42C-14, the third
output bit state of the third output bit signal is held and thus
not affected by the input bit state.

Each of the TMRMVLs in the TMRMBMVPCL of the
SSC of'the pipeline stage 14 further includes a majority gate,
as explained in further detail below. The majority gate is
configured to generate a resultant output bit signal having a
resultant output bit state set in accordance with a majority bit
state of the first output bit state of the first output bit signal
from the first one of the redundant latches, the second output
bit state of the second output bit signal from the second one
of the redundant latches, and the third output bit state of the
third output bit signal from the third one of the redundant
latches. The resultant output bit signal is provided as one of
the output bit signals of the data output 24. By providing
majority voting, the TMRMVL protects a radiation strike at
one of the three redundant latches from resulting in a soft
error in the resultant output bit signal.

Furthermore, since the first pulsed clock signal 42A-14,
the second pulsed clock signal 42B-14, and the third pulsed
clock signal 42C-14 are delayed with respect to one another,
a soft error in the input bit signal does not result in a soft
error in the resultant bit state, so long as the soft error is not
longer than the delay between the first pulsed clock signal
42A-14 and the second pulsed clock signal 42B-14, and
between the second pulsed clock signal 42B-14 and the third
pulsed clock signal 42C-14. In other words, by setting the
delay duration between the first pulsed clock signal 42A-14
and the second pulsed clock signal 42B-14, and the delay
duration between the second pulsed clock signal 42B-14 and
the third pulsed clock signal 42C-14 so as to (with a very
high probability) each be longer than a soft error in the input
bit signal, then no more than one of the three redundant
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latches will sample the soft error in the input bit signal.
Furthermore, the RHDCGC of the pipeline stage 14 protects
a soft error in the global clock signal 20 from causing more
than two of the pulsed clock signals 42A-14, 42B-14,
42C-14 from having a soft error. This protects more than one
of the three redundant pulsed clock latches in each of the
TMRMVLs in the TMRMBMVPCL of the SSC of the
pipeline stage 14 from sampling the input bit state of the
input bit signal inappropriately and thus protects a soft error
in the resultant output bit state of the resultant output bit
signal.

With regard to the SSC of the pipeline stage 16, the SSC
in the pipeline stage 16 includes an RHDCGC. The RHD-
CGC is coupled to the global clock tree 38 and is configured
to receive the global clock signal 20. The RHDCGC is
configured to provide a first clock input signal 40A-16, a
second clock input signal 40B-16 that is delayed with
respect to the first clock input signal 40A-16, and a third
clock input signal 40C-16 that is delayed with respect to the
second clock input signal 40B-16 and has an even greater
delay with respect to the first clock input signal 40A-16. For
example, the second clock input signal 40B-16 is delayed
with respect to the first clock input signal 40A-16 by delay
duration and the third clock input signal 40C-16 that is
delayed with respect to the second clock input signal 40B-16
by approximately the same delay duration. Accordingly, the
third clock input signal 40C-16 is delayed with respect to the
first clock input signal 40A-16 by approximately double the
delay duration.

The RHDCGC is configured to protect a radiation strike
from resulting in a soft error in at least two of the clock input
signals 40A-16, 40B-16, 40C-16. In one exemplary embodi-
ment, the RHDCGC is configured to generate the first clock
input signal 40A-16, the second clock input signal 40B-16,
and the third clock input signal 40C-16 from the global clock
signal 20. Each of the clock input signals 40A-16, 40B-16,
40C-16 provides the temporal series of clock pulses in a
standard temporal clock format. Thus, each of the clock
input signals 40A-16, 40B-16, 40C-16 has the substantially
the same time period of oscillation as the global clock signal
20, which defines a temporal duration of each clock cycle of
each of the clock input signals 40A-16, 40B-16, 40C-16.

Furthermore, during each clock cycle of each of the clock
input signals 40A-16, 40B-16, 40C-16, cach of the clock
input signals 40A-16, 40B-16, 40C-16 provides a clock
pulse for approximately 50% of the temporal duration of
each clock cycle and thus each of the clock input signals
40A-16, 40B-16, 40C-16 is in the first clock state for
approximately 50% of the temporal duration of each clock
cycle and in the second clock state for approximately 50%
of the temporal duration of each clock cycle. Thus, each of
the clock input signals 40A-16, 40B-16, 40C-16 has a 50%
duty cycle. However, the clock cycles, and thus the clock
pulses, of the second clock input signal 40B-16 are delayed
with respect to the clock cycles, and thus the clock pulses,
of'the first clock input signal 40A-16. Additionally, the clock
cycles, and thus the clock pulses, of the third clock input
signal 40C-16 are delayed with respect to the clock cycles,
and thus the clock pulses, of the second clock input signal
40B-16. Accordingly, the clock cycles, and thus the clock
pulses, of the third clock input signal 40C-16 have an even
greater delay with respect to the clock cycles, and thus the
clock pulses, of the first clock input signal 40A-16. It should
be noted that in this exemplary embodiment, the first clock
input signal 40A-16 may be delayed with respect to the
global clock signal 20. Also, in the exemplary embodiment,
the RHDCGC is configured to protect a radiation strike from
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resulting in a soft error in the first clock input signal 40A-16,
in the second clock input signal 40B-16, and in the third
clock input signal 40C-16. The RHDCGC is thus a radiation
hardened digital circuit.

In an alternative exemplary embodiment, the RHDCGC is
configured to pass the global clock signal 20 as the first
clock input signal 40A-16 and generate the first clock input
signal 40A-16, the second clock input signal 40B-16, and
the third clock input signal 40C-16 from the global clock
signal 20. The first clock input signal 40A-16, the second
clock input signal 40B-16, and the third clock input signal
40C-16 are delayed in the same manner described above for
the other exemplary embodiment described above. How-
ever, since the first clock input signal 40A-16 is provided as
the global clock signal 20, the first clock input signal 40A-16
is not delayed with respect to the global clock signal 20.
Furthermore, since the RHDCGC simply passes the global
clock signal 20 as the first clock input signal 40A-16, the
RHDCGC is only configured to protect a radiation strike
from resulting in a soft error in the second clock input signal
40B-16 and in the third clock input signal 40C-16 but not in
the first clock input signal 40A-16. The RHDCGC is thus a
radiation hardened digital circuit.

The TMRMBMVPCL in the SSC of the pipeline stage 16
is coupled to the RHDCGC in the SSC of the pipeline stage
16 so as to receive the first clock input signal 40A-16, the
second clock input signal 40B-16 and the third clock input
signal 40C-16. More specifically, the TMRMBMVPCL
includes a triple mode redundant pulse clock generator
TMRPCG. The TMRPCG is configured to generate a first
pulsed clock signal 42A-16 from the first clock input signal
40A-16, a second pulsed clock signal 42B-16 from the
second clock input signal 40B-16, and a third pulsed clock
signal 42C-16 from the third clock input signal 40C-16.
Since the first pulsed clock signal 42A-16 is generated from
the first clock input signal 40A-16, the second pulsed clock
signal 42B-16 is generated from the second clock input
signal 40B-16, and the third pulsed clock signal 42C-16 is
generated from the third clock input signal 40C-16, the
TMRPCG provides the second pulsed clock signal 42B-16
such that the second pulsed clock signal 42B-16 is delayed
with respect to the first pulsed clock signal 42A-16, and
provides the third pulsed clock signal 42C-16 such that the
third pulsed clock signal 42C-16 is delayed with respect to
the second pulsed clock signal 42B-16 and has an even
greater delay with respect to the first pulsed clock signal
42A-16. For example, the second pulsed clock signal 42B-
16 is delayed with respect to the first pulsed clock signal
42A-16 by the delay duration, and the third pulsed clock
signal 42C-16 is delayed with respect to the second pulsed
clock signal 42B-16 by approximately the same delay dura-
tion. Accordingly, the third pulsed clock signal 42C-16 is
delayed with respect to the first pulsed clock signal 42A-16
by approximately double the delay duration.

Each of the pulsed clock signals 42A-16, 42B-16, 42C-16
provides a temporal series of clock pulses in a pulsed
temporal clock format. Each of the pulsed clock signals
42A-16, 42B-16, 42C-16 has the substantially the same time
period of oscillation as the global clock signal 20, which
defines a temporal duration of each clock cycle of each of
the pulsed clock signals 42A-16, 42B-16, 42C-16. However,
during each clock cycle of each of the pulsed clock signals
42A-16, 42B-16, 42C-16, cach of the pulsed clock signals
42A-16, 42B-16, 42C-16 provides a clock pulse for much
less than 50% of the temporal duration of each clock cycle,
and thus each of the pulsed clock signals 42A-16, 42B-16,
42C-16 is in the clock state of the clock pulse for approxi-
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mately much less than 50% of the temporal duration of each
clock cycle and in the other clock state for the remainder of
the temporal duration of each clock cycle. Thus, each of the
pulsed clock signals 42A-16, 42B-16, 42C-16 has a duty
cycle that is much less than 50%. Furthermore, the clock
cycles, and thus the clock pulses, of the second pulsed clock
signal 42B-16 are delayed with respect to the clock cycles,
and thus the clock pulses, of the first pulsed clock signal
42A-16. Additionally, the clock cycles, and thus the clock
pulses, of the third pulsed clock signal 42C-16 are delayed
with respect to the clock cycles, and thus the clock pulses,
of the second pulsed clock signal 42B-16. Accordingly, the
clock cycles, and thus the clock pulses, of the third pulsed
clock signal 42C-16 have an even greater delay with respect
to the clock cycles, and thus the clock pulses, of the first
pulsed clock signal 42A-16. It should be noted that in this
exemplary embodiment, the first pulsed clock signal 42A-16
may be delayed with respect to the global clock signal 20.

The TMRMBMVPCL of the SSC of the pipeline stage 16
includes a plurality of triple mode redundant majority voted
latches (TMRMVL). Each of the TMRMVLs is configured
to receive a different one of the input bit signals in the data
input 26 and generate a different one of the output bit signals
in the data output 28. Furthermore each of the TMRMVLs
is coupled to the TMRPCG so that each of the TMRMVLs
in the TMRMBMVPCL is configured to receive the first
pulsed clock signal 42A-16, the second pulsed clock signal
42B-16, and the third pulsed clock signal 42C-16 from the
TMRPCG. As explained in further detail below, each of the
TMRMVLs include three redundant pulse latches. A first
one of the pulse latches in each of the TMRMVLs is
configured to receive the first pulsed clock signal 42A-16, a
second one of the pulse latches in each of the TMRMVLs is
configured to receive the second pulsed clock signal 42B-16,
and a third one of the pulse latches in each of the TMRMVLs
is configured to receive the third pulsed clock signal 42C-16.
Each of the three redundant pulse latches in each of the
TMRMVLs is configured to receive the same input bit signal
from the data input 26.

The first one of the pulse latches in each of the TMRM-
VLs is configured to sample an input bit state of the input bit
signal in response to a clock pulse in the first pulsed clock
signal 42A-16 and generate a first output bit signal having a
first output bit state set in accordance to the input bit state of
the input bit signal received by the first pulsed clock signal
42A-16. While a clock pulse is not being provided by the
first pulsed clock signal 42A-16, the first output bit state of
the first output bit signal is held and thus not affected by the
input bit state. The second one of the pulse latches in each
of the TMRMVLs is configured to sample an input bit state
of the input bit signal in response to a clock pulse in the
second pulsed clock signal 42B-16 and generate a second
output bit signal having a second output bit state set in
accordance to the input bit state of the input bit signal
received by the second pulsed clock signal 42B-16. While a
clock pulse is not being provided by the second pulsed clock
signal 42B-16, the second output bit state of the second
output bit signal is held and thus not affected by the input bit
state. The third one of the pulse latches in each of the
TMRMVLs is configured to sample an input bit state of the
input bit signal in response to a clock pulse in the third
pulsed clock signal 42C-16 and generate a third output bit
signal having a third output bit state set in accordance to the
input bit state of the input bit signal received by the third
pulsed clock signal 42C-16. While a clock pulse is not being
provided by the third pulsed clock signal 42C-16, the third
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output bit state of the third output bit signal is held and thus
not affected by the input bit state.

Each of the TMRMVLs in the TMRMBMVPCL of the
SSC of'the pipeline stage 16 further includes a majority gate,
as explained in further detail below. The majority gate is
configured to generate a resultant output bit signal having a
resultant output bit state set in accordance with a majority bit
state of the first output bit state of the first output bit signal
from the first one of the redundant latches, the second output
bit state of the second output bit signal from the second one
of the redundant latches, and the third output bit state of the
third output bit signal from the third one of the redundant
latches. The resultant output bit signal is provided as one of
the output bit signals of the data output 28. By providing
majority voting, the TMRMVL protects a radiation strike at
one of the three redundant latches from resulting in a soft
error in the resultant output bit signal.

With regard to the SSC in the pipeline stage 18, the SSC
in the pipeline stage 18 includes an RHDCGC. The RHD-
CGC is coupled to the global clock tree 38 and is configured
to receive the global clock signal 20. The RHDCGC is
configured to provide a first clock input signal 40A-18, a
second clock input signal 40B-18 that is delayed with
respect to the first clock input signal 40A-18, and a third
clock input signal 40C-18 that is delayed with respect to the
second clock input signal 40B-18 and has an even greater
delay with respect to the first clock input signal 40A-18. For
example, the second clock input signal 40B-18 is delayed
with respect to the first clock input signal 40A-18 by delay
duration and the third clock input signal 40C-18 that is
delayed with respect to the second clock input signal 40B-18
by approximately the same delay duration. Accordingly, the
third clock input signal 40C-18 is delayed with respect to the
first clock input signal 40A-18 by approximately double the
delay duration.

The RHDCGC is configured to protect from a radiation
strike resulting in aSET in at least two of the clock input
signals 40A-18, 40B-18, 40C-18. In one exemplary embodi-
ment, the RHDCGC is configured to generate the first clock
input signal 40A-18, the second clock input signal 40B-18,
and the third clock input signal 40C-18 from the global clock
signal 20. Each of the clock input signals 40A-18, 40B-18,
40C-18 provides the temporal series of clock pulses in a
standard temporal clock format. Thus, each of the clock
input signals 40A-18, 40B-18, 40C-18 has the substantially
the same time period of oscillation as the global clock signal
20, which defines a temporal duration of each clock cycle of
each of the clock input signals 40A-18, 40B-18, 40C-18.

Furthermore, during each clock cycle of each of the clock
input signals 40A-18, 40B-18, 40C-18, ecach of the clock
input signals 40A-18, 40B-18, 40C-18 provides a clock
pulse for approximately 50% of the temporal duration of
each clock cycle and thus each of the clock input signals
40A-18, 40B-18, 40C-18 is in the first clock state for
approximately 50% of the temporal duration of each clock
cycle and in the second clock state for approximately 50%
of the temporal duration of each clock cycle. Thus, each of
the clock input signals 40A-18, 40B-18, 40C-18 has a 50%
duty cycle. However, the clock cycles, and thus the clock
pulses, of the second clock input signal 40B-18 are delayed
with respect to the clock cycles, and thus the clock pulses,
of'the first clock input signal 40A-18. Additionally, the clock
cycles, and thus the clock pulses, of the third clock input
signal 40C-18 are delayed with respect to the clock cycles,
and thus the clock pulses, of the second clock input signal
40B-18. Accordingly, the clock cycles, and thus the clock
pulses, of the third clock input signal 40C-18 have an even
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greater delay with respect to the clock cycles, and thus the
clock pulses, of the first clock input signal 40A-18. It should
be noted that in this exemplary embodiment, the first clock
input signal 40A-18 may be delayed with respect to the
global clock signal 20 Also, in the exemplary embodiment,
the RHDCGC is configured to protect a radiation strike from
resulting in a soft error in the first clock input signal 40A-18,
in the second clock input signal 40B-18, and in the third
clock input signal 40C-18. The RHDCGC is thus a radiation
hardened digital circuit.

In an alternative exemplary embodiment, the RHDCGC is
configured to pass the global clock signal 20 as the first
clock input signal 40A-18 and generate the first clock input
signal 40A-18, the second clock input signal 40B-18, and
the third clock input signal 40C-18 from the global clock
signal 20. The first clock input signal 40A-18, the second
clock input signal 40B-18, and the third clock input signal
40C-18 are delayed in the same manner described above for
the other exemplary embodiment described above. How-
ever, since the first clock input signal 40A-18 is provided as
the global clock signal 20, the first clock input signal 40A-18
is not delayed with respect to the global clock signal 20.
Furthermore, since the RHDCGC simply passes the global
clock signal 20 as the first clock input signal 40A-18, the
RHDCGC is only configured to protect a radiation strike
from resulting in a soft error in the second clock input signal
40B-18 and in the third clock input signal 40C-18 but not in
the first clock input signal 40A-18. The RHDCGC is thus a
radiation hardened digital circuit.

The TMRMBMYVPCL in the SSC of the pipeline stage 18
is coupled to the RHDCGC in the SSC of the pipeline stage
18 so as to receive the first clock input signal 40A-18, the
second clock input signal 40B-18 and the third clock input
signal 40C-18. More specifically, the TMRMBMVPCL
includes a triple mode redundant pulse clock generator
TMRPCG. The TMRPCG is configured to generate a first
pulsed clock signal 42A-18 from the first clock input signal
40A-18, a second pulsed clock signal 42B-18 from the
second clock input signal 40B-18, and a third pulsed clock
signal 42C-18 from the third clock input signal 40C-18.
Since the first pulsed clock signal 42A-18 is generated from
the first clock input signal 40A-18, the second pulsed clock
signal 42B-18 is generated from the second clock input
signal 40B-18, and the third pulsed clock signal 42C-18 is
generated from the third clock input signal 40C-18, the
TMRPCG provides the second pulsed clock signal 42B-18
such that the second pulsed clock signal 42B-18 is delayed
with respect to the first pulsed clock signal 42A-18, and
provides the third pulsed clock signal 42C-18 such that the
third pulsed clock signal 42C-18 is delayed with respect to
the second pulsed clock signal 42B-18 and has an even
greater delay with respect to the first pulsed clock signal
42A-18. For example, the second pulsed clock signal 42B-
18 is delayed with respect to the first pulsed clock signal
42A-18 by the delay duration and the third pulsed clock
signal 42C-18 is delayed with respect to the second pulsed
clock signal 42B-18 by approximately the same delay dura-
tion. Accordingly, the third pulsed clock signal 42C-18 is
delayed with respect to the first pulsed clock signal 42A-18
by approximately double the delay duration.

Each of the pulsed clock signals 42A-18, 42B-18, 42C-18
provides a temporal series of clock pulses in a pulsed
temporal clock format. Each of the pulsed clock signals
42A-18, 42B-18, 42C-18 has the substantially the same time
period of oscillation as the global clock signal 20, which
defines a temporal duration of each clock cycle of each of
the pulsed clock signals 42A-18, 42B-18, 42C-18. However,
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during each clock cycle of each of the pulsed clock signals
42A-18, 42B-18, 42C-18, cach of the pulsed clock signals
42A-18, 42B-18, 42C-18 provides a clock pulse for much
less than 50% of the temporal duration of each clock cycle,
and thus each of the pulsed clock signals 42A-18, 42B-18,
42C-18 is in the clock state of the clock pulse for approxi-
mately much less than 50% of the temporal duration of each
clock cycle and in the other clock state for the remainder of
the temporal duration of each clock cycle. Thus, each of the
pulsed clock signals 42A-18, 42B-18, 42C-18 has a duty
cycle that is much less than 50%. Furthermore, the clock
cycles, and thus the clock pulses, of the second pulsed clock
signal 42B-18 are delayed with respect to the clock cycles,
and thus the clock pulses, of the first pulsed clock signal
42A-18. Additionally, the clock cycles, and thus the clock
pulses, of the third pulsed clock signal 42C-18 are delayed
with respect to the clock cycles, and thus the clock pulses,
of the second pulsed clock signal 42B-18. Accordingly, the
clock cycles, and thus the clock pulses, of the third pulsed
clock signal 42C-18 have an even greater delay with respect
to the clock cycles, and thus the clock pulses, of the first
pulsed clock signal 42A-18. It should be noted that in this
exemplary embodiment, the first pulsed clock signal 42A-18
may be delayed with respect to the global clock signal 20.

The TMRMBMYVPCL of the SSC of the pipeline stage 18
includes a plurality of triple mode redundant majority voted
latches (TMRMVL). Each of the TMRMVLs is configured
to receive a different one of the input bit signals in the data
input 30 and generate a different one of the output bit signals
in the data output 32. Furthermore, each of the TMRMVLs
is coupled to the TMRPCG so that each of the TMRMVLs
in the TMRMBMVPCL is configured to receive the first
pulsed clock signal 42A-18, the second pulsed clock signal
42B-18, and the third pulsed clock signal 42C-18 from the
TMRPCG. As explained in further detail below, each of the
TMRMVLs includes three redundant pulse latches. A first
one of the pulse latches in each of the TMRMVLs is
configured to receive the first pulsed clock signal 42A-18, a
second one of the pulse latches in each of the TMRMVLs is
configured to receive the second pulsed clock signal 42B-18,
and a third one of the pulse latches in each of the TMRMVLs
is configured to receive the third pulsed clock signal 42C-18.
Each of the three redundant pulse latches in each of the
TMRMVLs is configured to receive the same input bit signal
from the data input 30.

The first one of the pulse latches in each of the TMRM-
VLs is configured to sample an input bit state of the input bit
signal in response to a clock pulse in the first pulsed clock
signal 42A-18 and generate a first output bit signal having a
first output bit state set in accordance to the input bit state of
the input bit signal received by the first pulsed clock signal
42A-18. While a clock pulse is not being provided by the
first pulsed clock signal 42A-18, the first output bit state of
the first output bit signal is held and thus not affected by the
input bit state. The second one of the pulse latches in each
of the TMRMVLs is configured to sample an input bit state
of the input bit signal in response to a clock pulse in the
second pulsed clock signal 42B-18 and generate a second
output bit signal having a second output bit state set in
accordance to the input bit state of the input bit signal
received by the second pulsed clock signal 42B-18. While a
clock pulse is not being provided by the second pulsed clock
signal 42B-18, the second output bit state of the second
output bit signal is held and thus not affected by the input bit
state. The third one of the pulse latches in each of the
TMRMVLs is configured to sample an input bit state of the
input bit signal in response to a clock pulse in the third
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pulsed clock signal 42C-18 and generate a third output bit
signal having a third output bit state set in accordance to the
input bit state of the input bit signal received by the third
pulsed clock signal 42C-18. While a clock pulse is not being
provided by the third pulsed clock signal 42C-18, the third
output bit state of the third output bit signal is held and thus
not affected by the input bit state.

Each of the TMRMVLs in the TMRMBMVPCL of the
SSC of'the pipeline stage 18 further includes a majority gate,
as explained in further detail below. The majority gate is
configured to generate a resultant output bit signal having a
resultant output bit state set in accordance with a majority bit
state of the first output bit state of the first output bit signal
from the first one of the redundant latches, the second output
bit state of the second output bit signal from the second one
of the redundant latches, and the third output bit state of the
third output bit signal from the third one of the redundant
latches. The resultant output bit signal is provided as one of
the output bit signals of the data output 32. By providing
majority voting, the TMRMVL protects a radiation strike at
one of the three redundant latches from resulting in a soft
error in the resultant output bit signal.

Furthermore, since the first pulsed clock signal 42A-18,
the second pulsed clock signal 42B-18, and the third pulsed
clock signal 42C-18 are delayed with respect to one another,
a soft error in the input bit signal does not result in a soft
error in the resultant bit state, so long as the soft error is not
longer than the delay between the first pulsed clock signal
42A-18 and the second pulsed clock signal 42B-18, and
between the second pulsed clock signal 42B-18 and the third
pulsed clock signal 42C-18. In other words, by setting the
delay duration between the first pulsed clock signal 42A-18
and the second pulsed clock signal 42B-18, and the delay
duration between the second pulsed clock signal 42B-18 and
the third pulsed clock signal 42C-18 so as to (with a very
high probability) each be longer than a soft error in the input
bit signal, then no more than one of the three redundant
latches samples the soft error in the input bit signal. Fur-
thermore, the RHDCGC of the pipeline stage 18 protects a
soft error in the global clock signal 20 from causing more
than two of the pulsed clock signals 42A-18, 42B-18,
42C-18 from having a soft error. This protects more than one
of the three redundant pulsed clock latches in each of the
TMRMVLs in the TMRMBMVPCL of the SSC of the
pipeline stage 18 from sampling the input bit state of the
input bit signal inappropriately, and thus protects a soft error
in the resultant output bit state of the resultant output bit
signal.

FIG. 1B illustrates another embodiment of the RHSM 10.
The RHSM 10 shown in FIG. 1B is the same as the RHSM
10 shown in FIG. 1A; except that the SSCs in the different
pipeline stages 14, 16, 18 of the RHSM 10 shown in FIG. 1B
do not include an RHDCGC. Instead, the RHSM 10 shown
in FIG. 1B has an RHDCGC coupled to the global clock
circuit 36 so as to receive the global clock signal 20, and the
RHDCGC is coupled to the global clock tree 38. The global
clock tree 38 shown in FIG. 1B is configured to distribute a
first clock input signal 40A-G, a second clock input signal
40B-G, and a third clock input signal 40C-G provided by the
RHDCGC to the SSCs in each of the different pipeline
stages 14, 16, 18.

The RHDCGC in FIG. 1B is coupled to the global clock
circuit 36 so as to receive the global clock signal 20. The
RHDCGC is configured to provide the first clock input
signal 40A-G, the second clock input signal 40B-G that is
delayed with respect to the first clock input signal 40A-G,
and the third clock input signal 40C-G that is delayed with
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respect to the second clock input signal 40B-G and has an
even greater delay with respect to the first clock input signal
40A-G. For example, the second clock input signal 40B-G
is delayed with respect to the first clock input signal 40A-G
by delay duration, and the third clock input signal 40C-G is
delayed with respect to the second clock input signal 40B-G
by approximately the same delay duration. Accordingly, the
third clock input signal 40C-G is delayed with respect to the
first clock input signal 40A-G by approximately double the
delay duration.

The RHDCGC is configured to protect a radiation strike
from resulting in a soft error in at least two of the clock input
signals 40A-G, 40B-G, 40C-G. In one exemplary embodi-
ment, the RHDCGC is configured to generate the first clock
input signal 40A-G, the second clock input signal 40B-G,
and the third clock input signal 40C-G from the global clock
signal 20. Each of the clock input signals 40A-G, 40B-G,
40C-G provides the temporal series of clock pulses in a
standard temporal clock format. Thus, each of the clock
input signals 40A-G, 40B-G, 40C-G has the substantially the
same time period of oscillation as the global clock signal 20,
which defines a temporal duration of each clock cycle of
each of the clock input signals 40A-G, 40B-G, 40C-G.

Furthermore, during each clock cycle of each of the clock
input signals 40A-G, 40B-G, 40C-G, each of the clock input
signals 40A-G, 40B-G, 40C-G provides a clock pulse for
approximately 50% of the temporal duration of each clock
cycle, and thus each of the clock input signals 40A-G,
40B-G, 40C-G is in the first clock state for approximately
50% of the temporal duration of each clock cycle and in the
second clock state for approximately 50% of the temporal
duration of each clock cycle. Thus, each of the clock input
signals 40A-G, 40B-G, 40C-G has a 50% duty cycle.
However, the clock cycles, and thus the clock pulses, of the
second clock input signal 40B-G are delayed with respect to
the clock cycles, and thus the clock pulses, of the first clock
input signal 40A-G. Additionally, the clock cycles, and thus
the clock pulses, of the third clock input signal 40C-G are
delayed with respect to the clock cycles, and thus the clock
pulses, of the second clock input signal 40B-G. Accordingly,
the clock cycles, and thus the clock pulses, of the third clock
input signal 40C-G have an even greater delay with respect
to the clock cycles, and thus the clock pulses, of the first
clock input signal 40A-G. It should be noted that in this
exemplary embodiment, the first clock input signal 40A-G
may be delayed with respect to the global clock signal 20.
Also, in the exemplary embodiment, the RHDCGC is con-
figured to protect a radiation strike from resulting in a soft
error in the first clock input signal 40A-G, in the second
clock input signal 40B-G, and in the third clock input signal
40C-G. The RHDCGC is thus a radiation hardened digital
circuit.

In an alternative exemplary embodiment, the RHDCGC is
configured to pass the global clock signal 20 as the first
clock input signal 40A-G and generate the first clock input
signal 40A-G, the second clock input signal 40B-G, and the
third clock input signal 40C-G from the global clock signal
20. The first clock input signal 40A-G, the second clock
input signal 40B-G, and the third clock input signal 40C-G
are delayed in the same manner described above for the
other exemplary embodiment described above. However,
since the first clock input signal 40A-G is provided as the
global clock signal 20, the first clock input signal 40A-G is
not delayed with respect to the global clock signal 20.
Furthermore, since the RHDCGC simply passes the global
clock signal 20 as the first clock input signal 40A-G, the
RHDCGC is only configured to protect a radiation strike
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from resulting in a soft error in the second clock input signal
40B-G and in the third clock input signal 40C-G but not in
the first clock input signal 40A-G. The RHDCGC is thus a
radiation hardened digital circuit.

In the embodiment shown in FIG. 1B, the TMRMBM-
VPCLs of the SSCs in the different pipeline stages 14, 16,
18 are the same as the TMRMBMVPCLs shown in FIG. 1A,
except that each of the TMRPCLs in the TMRMBMVPCLs
in the different pipeline stages 14, 16, 18 shown in FIG. 1B
is coupled to the global clock tree 38. Thus, each of the
TMRPCLs is configured to receive the first clock input
signal 40A-G, the second clock input signal 40B-G, and the
third clock input signal 40C-G from the global clock tree 38.
Each of the TMRPCLs shown in FIG. 1B operates in the
same manner with respect to the clock input signals 40A-G,
40B-G, and 40C-G as the TMRPCLs shown in FIG. 1A
operated with respect to the clock input signals 40A-14,
40B-14, and 40C-14, the clock input signals 40A-16, 40B-
16, and 40C-16, and the clock input signals 40A-18, 40B-18,
and 40C-18, respectively. Thus, each of the TMRPCLs
shown in FIG. 1B samples input bit signals and generates
resultant output bit signals as described above with respect
to FIG. 1A.

It should be noted that for the sake of simplicity and
clarity, clock input signals 40A-14, 40A-16, 40A-18 and
40A-G will be referred to generically as elements 40A, clock
input signals 40B-14, 40B-16, 40B-18 and 40B-G will be
referred to generically as elements 40B, and clock input
signals 40C-14, 40C-16, 40C-18 and 40C-G in FIG. 1A and
FIG. 1B will be referred to generically as elements 40C for
the remainder of this disclosure. Furthermore, pulsed clock
signals 42A-14, 42A-16, 42A-18 and 42A-G will be referred
to generically as elements 42A, pulsed clock signals 42B-14,
42B-16, 42A-18 and 42B-G will be referred to generically
as elements 42B, and pulsed clock signals 42C-14, 42C- 16,
42C-18 and 42C-G in FIG. 1A and FIG. 1B will be referred
to generically as elements 42C. Note that in FIG. 1A, the
RHDCGCs are each provided locally at the SSCs and thus
timing synchronization is easier. However, in FIG. 1B, the
RHDCGC provides the clock input signals 40A-G, 40B-G,
and 40B-G through the global clock tree 38. Thus, since only
one RHDCGC is provided, less power may be consumed.

FIG. 2 illustrates an exemplary radiation hardened digital
circuit 44 in accordance to one embodiment of the design
shown in FIG. 1B. As such, the radiation hardened digital
circuit 44 includes the RHDCGC coupled to the global clock
tree 38 so as to provide the first clock input signal 40A, the
second clock input signal 40B, and the third clock input
signal 40C to the TMRPCG of the TMRMBMVPCL in the
SSC. It should be noted that, for the sake of simplicity and
clarity, the TMRMBMVPCL shown in FIG. 2 only shows an
exemplary embodiment of one of the TMRMVL. However,
as illustrated in FIG. 1B, since the TMRMBMVPCL is
multi-bit, the TMRMBMVPCL actually has multiple
TMRMVLs, which are not explicitly shown, and may all be
provided in the same manner as the TMRMVL shown in
FIG. 2. The TMRMBMYVPCL includes a pulse clock gen-
erator PGA configured to generate the first pulsed clock
signal 42A, a pulse clock generator PGB configured to
generate the second pulsed clock signal 42B, and a pulse
clock generator PGC configured to generate the third pulsed
clock signal 42C. In this embodiment, each of the TMRM-
VLs (only one of which is explicitly shown in FIG. 2) in the
TMRMBMVPCL would receive the first pulsed clock signal
42A, the second pulsed clock signal 42B, and the third
pulsed clock signal 42C.
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Referring again to FIG. 2, the RHDCGC is configured to
receive the global clock signal 20. With regard to the first
clock input signal 40A, the RHDCGC is configured pass the
global clock signal 20 as the first clock input signal 40A to
the global clock tree 38. Thus, in this exemplary embodi-
ment, the first pulsed clock signal 42A is not delayed with
respect to the signal 20. The RHDCGC is configured to
generate the second clock input signal 40B from the signal
20 and to generate the third clock input signal 40C from the
signal 20. To generate the second clock input signal 40B
from the signal 20 and to generate the third clock input
signal 40C from the signal 20, the RHDCGC includes a
delay network 46 configured to receive the global clock
signal 20 and two Muller C-gates 48B, 48C. In this embodi-
ment, the delay network 46 includes two delay elements
50B, 50C, which in this embodiment are identical to each
other. The delay element 50B is configured to receive the
global clock signal 20 and generate a delayed clock signal
52B from the global clock signal 20. As such, the delayed
clock signal 52B is delayed with respect to the global clock
signal 20 and the first clock input signal 40A. More spe-
cifically, the delay element 50B has a propagation delay and
thus, the delayed clock signal 52B is generated by the delay
element 50B delayed by the propagation delay from the
global clock signal 20 and from the first clock input signal
40A. The delay element 50B is configured such that the
propagation delay provided by the delay element 50B is
statistically highly likely to be greater than a temporal length
of a soft errors caused by radiation strikes.

The delay element 50C is coupled to receive the delayed
clock signal 52B from the delay element 50B. The delay
element 50B is configured to receive the delayed clock
signal 52B and generate a delayed clock signal 52C from the
delayed clock signal 52B. As such, the delayed clock signal
52C is delayed with respect to the delayed clock signal 52B
and the second clock input signal 40B. More specifically, the
delay element 50B has a propagation delay and thus, the
delayed clock signal 52C is generated by the delay element
50B delayed by the propagation delay from the delayed
clock signal 52B and from the second clock input signal
40B. The delay element 50B is configured such that the
propagation delay provided by the delay element 50B is
statistically highly likely to be greater than a temporal length
of a soft errors caused by radiation strikes. In this embodi-
ment, the delay elements 50B, 50C are identical and thus
have identical propagation delays. Accordingly, the delayed
clock signal 52B is delayed with respect to the global clock
signal 20 and the first clock input signal 40A by twice the
propagation delay.

Each of the delayed clock signals 52B, 52C provides a
temporal series of clock pulses in a standard temporal clock
format. Thus, each of the delayed clock signals 52B, 52C has
the substantially the same time period of oscillation as the
global clock signal 20, which defines a temporal duration of
each clock cycle of each of the delayed clock signals 52B,
52C.

Furthermore, during each clock cycle of each of the
delayed clock signals 52B, 52C, each of the delayed clock
signals 52B, 52C provides a clock pulse for approximately
50% of the temporal duration of each clock cycle and thus
each of the delayed clock signals 52B, 52C is in the first
clock state for approximately 50% of the temporal duration
of each clock cycle and in the second clock state for
approximately 50% of the temporal duration of each clock
cycle. Thus, each of the delayed clock signals 52B, 52C has
a 50% duty cycle. However, the clock cycles, and thus the
clock pulses, of the delayed clock signal 52B are delayed by
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the propagation delay of the delay element 50B with respect
to the clock cycles, and thus the clock pulses, of the global
clock signal 20 and the first clock input signal 40A. Fur-
thermore, the clock cycles, and thus the clock pulses, of the
delayed clock signal 52C are delayed by the propagation
delay of the delay element 50C with respect to the clock
cycles, and thus the clock pulses, of the delayed clock signal
52B. Finally, the delayed clock signal 52C is delayed by the
aggregate of the propagation delay of the delay element 50B
and the propagation delay of the delay element 50C with
respect to the clock cycles, and thus the clock pulses, of the
global clock signal 20 and the first clock input signal 40A.

The RHDCGC is configured to protect a radiation strike
from resulting in a SET propagating in the second clock
input signal 40B and in the third clock input signal 40C.
More specifically, if a radiation strike results in a SET in the
global clock signal 20, the RHDCGC is configured to protect
propagation of the SET in the second clock input signal 40B
and in the third clock input signal 40C. In this embodiment,
the Muller C element 48B has an input terminal configured
to receive the global clock signal 20 and another input
terminal coupled to the delay element 50B so as to receive
the delayed clock signal 52B. In this manner, the Muller C
element 48B is configured to generate the second clock input
signal 40B. More specifically, the Muller C element 48B is
configured to set the second clock input signal 40B to one of
the set of clock states (i.e., the first clock state or the second
clock state) in response to the delayed clock signal 52B and
the global clock signal 20 each being provided in a same one
of'the set of clock states (i.e., both being provided in the first
clock state, or both being provided in the second clock state).
For example, in this embodiment, the Muller C element 48B
is a non-inverting Muller C element. As such, the Muller C
element 48B is configured to set the second clock input
signal 40B to the first clock state in response to the delayed
clock signal 52B and the global clock signal 20 each being
provided in the first clock state. Likewise, the Muller C
element 48B is configured to set the second clock input
signal 40B to the second clock state in response to the
delayed clock signal 52B and the global clock signal 20 each
being provided in the second clock state.

The Muller C element 48B is configured to hold the
second clock input signal 40B in the one of the set of clock
states in response to the delayed clock signal 52B and the
global clock signal 20 being provided in different ones of the
set of clock states. For example, in this embodiment, the
Muller C element 48B is the non-inverting Muller C ele-
ment. As such, the Muller C element 48B is configured to
hold the second clock input signal 40B in the first clock state
in response to one of either the delayed clock signal 52B and
the global clock signal 20 being switched into the second
clock state while the other one of the delayed clock signal
52B is maintained in the first clock state. Likewise, the
Muller C element 48B is configured to hold the second clock
input signal 40B in the second clock state in response to one
of either the delayed clock signal 52B and the global clock
signal 20 being switched in the first clock state while the
other one of the delayed clock signal 52B is maintained in
the second clock state. Thus, the second clock input signal
40B is generated at an output terminal of the Muller C
element 48B in the same manner as the delayed clock signal
52B. Furthermore, the Muller C element 48B protects
against a SET in either the global clock signal 20 or the
delayed clock signal 52B caused by a radiation strike, since
the Muller C element 48B will simply hold the second clock
input signal 40B in the correct clock state. In other words,
since the propagation delay is statistically highly likely to be
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longer than the SET duration in one of the global clock
signal 20 or the delayed clock signal 52B, both the global
clock signal 20 and the delayed clock signal 52B will not be
provided at the same incorrect clock state at the same time
at the input terminals of the Muller C element 48B. There-
fore, the Muller C element 48B protects the second clock
input signal 40B from a soft error if a radiation strike results
in a soft error in the delayed clock signal 52B or if a
radiation strike results in a soft error in the global clock
signal 20.

With regard to the Muller C element 48C, the Muller C
element 48C has an input terminal configured to receive the
global clock signal 20 and another input terminal coupled to
the delay element 50C so as to receive the delayed clock
signal 52C. In this manner, the Muller C element 48C is
configured to generate the third clock input signal 40C.
More specifically, the Muller C element 48C is configured to
set the third clock input signal 40C to one of the set of clock
states (i.e., the first clock state or the second clock state) in
response to the delayed clock signal 52C and the global
clock signal 20 each being provided in a same one of the set
of clock states (i.e., both being provided in the first clock
state, or both being provided in the second clock state). For
example, in this embodiment, the Muller C element 48C is
a non-inverting Muller C element. As such, the Muller C
element 48C is configured to set the third clock input signal
40C to the first clock state in response to the delayed clock
signal 52C and the global clock signal 20 each being
provided in the first clock state. Likewise, the Muller C
element 48C is configured to set the third clock input signal
40C to the second clock state in response to the delayed
clock signal 52C and the global clock signal 20 each being
provided in the second clock state.

The Muller C element 48C is configured to hold the third
clock input signal 40C in the one of the set of clock states
in response to the delayed clock signal 52C and the global
clock signal 20 being provided in different ones of the set of
clock states. For example, in this embodiment, the Muller C
element 48C is the non-inverting Muller C element. As such,
the Muller C element 48C is configured to hold the third
clock input signal 40C in the first clock state in response to
one of either the delayed clock signal 52C or the global
clock signal 20 being switched into the second clock state
while the other one of the delayed clock signals 52C is
maintained in the first clock state. Likewise, the Muller C
element 48C is configured to hold the third clock input
signal 40C in the second clock state in response to one of
either the delayed clock signal 52C and the global clock
signal 20 being switched in the first clock state while the
other one of the delayed clock signals 52C is maintained in
the second clock state. Thus, the third clock input signal 40C
is generated at an output terminal of the Muller C element
48C in the same manner as the delayed clock signal 52C.
Furthermore, the Muller C element 48C protects against a
SET in either the global clock signal 20 or the delayed clock
signal 52C caused by a radiation strike, since the Muller C
element 48C simply holds the third clock input signal 40C
in the correct clock state. In other words, since the second
propagation delay is statistically highly likely to be longer
than the SET in one of the global clock signal 20 or the
delayed clock signal 52C, both the global clock signal 20
and the delayed clock signal 52C will not be provided at the
same incorrect clock state at the same time at the input
terminals of the Muller C element 48C. Therefore, the
Muller C element 48C protects the third clock input signal
40C from a SET if a radiation strike results in a SET in the
delayed clock signal 52C or if a radiation strike results in a
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soft error in the global clock signal 20. Note furthermore that
the delayed clock signals 52B, 52C will not be provided in
the incorrect clock state at the same time since each is
delayed with respect to one another by the propagation delay
of the delay element 50C.

In this embodiment, the pulse clock generator PGA is
connected to the global clock tree 38 so as to receive the first
clock input signal 40A (which in this example is the global
clock signal 20) and generate the first pulsed clock signal
42A from the first clock input signal 40A. The output
terminal of the Muller C element 48B is coupled to the
global clock tree 38. The pulse clock generator PGB is
coupled to the global clock tree 38 so as to receive the
second clock input signal 40B and generate the second
pulsed clock signal 42B from the second clock input signal
40B. The output terminal of the Muller C element 48B is
also coupled to the global clock tree 38. The pulse clock
generator PGC is coupled to the global clock tree 38 so as
to receive the third input clock signal 40C and generate the
third pulsed clock signal 42C from the third input clock
signal 40C.

The TMRMVL includes three redundant latches 54A,
54B, 54C (referred to generically as elements 54) and a
majority gate 56. Each of the redundant latches 54A, 54B,
54C is configured to receive an input bit signal 58 having an
input bit state (either a bit state representing logic “1” or a
bit state representing logic “0”). The first redundant latch
54A is coupled to the pulse clock generator PGA so as to
receive the first pulsed clock signal 42A. For the remainder
of this disclosure and for the sake of clarity, it will be
presumed that a clock pulse is provided in a first clock state,
which is a high clock state, and that a clock pulse is not
being provided in a second clock state, which is a low clock
state. The first redundant latch 54A is configured to generate
a first output bit signal 60A having an first output bit state
(either a bit state representing logic “1” or a bit state
representing logic “0”). More specifically, the first redundant
latch 54A is configured to sample the input bit state of the
input bit signal 58 while the first pulsed clock signal 42A is
in the first clock state (i.e. during a clock pulse) so that the
first output bit state of the first output bit signal 60A is set
in accordance with the input bit state. However, the first
redundant latch 54A is configured to hold the first output bit
state of the first output bit signal 60A while the first pulsed
clock signal 42A is in the second clock state (when no clock
pulse is being provided).

The second redundant latch 54B is configured to generate
a second output bit signal 60B having a second output bit
state (either a bit state representing logic “1” or a bit state
representing logic “0””). More specifically, the second redun-
dant latch 54B is configured to sample the input bit state of
the input bit signal 58 while the second pulsed clock signal
42B is in the first clock state (i.e. during a clock pulse) so
that the first output bit state of the second output bit signal
60B is set in accordance with the input bit state. However,
the second redundant latch 54B is configured to hold the
second output bit state of the second output bit signal 60B
while the second pulsed clock signal 42B is in the second
clock state (when no clock pulse is being provided).

The third redundant latch 54C is configured to generate a
third output bit signal 60C having a third output bit state
(either a bit state representing logic “1” or a bit state
representing logic “0”). More specifically, the third redun-
dant latch 54C is configured to sample the input bit state of
the input bit signal 58 while the third pulsed clock signal
42C is in the first clock state (i.e. during a clock pulse) so
that the first output bit state of the third output bit signal 60C

25

35

40

45

50

22

is set in accordance with the input bit state. However, the
third redundant latch 54C is configured to hold the third
output bit state of the third output bit signal 60C while the
third pulsed clock signal 42C is in the second clock state
(when no clock pulse is being provided).

The majority gate 56 has an input terminal coupled to the
first redundant latch 54A so as to receive the first output bit
signal 60A, another input terminal coupled to the second
redundant latch 54B so as to receive the second output bit
signal 60B, and yet another input terminal coupled to the
third redundant latch 54C so as to receive the third output bit
signal 60C. The majority gate 56 is configured to generate a
resultant output signal 62 having a resultant bit state set to
a majority bit state of the first output bit state, the second
output bit state, and the third output bit state. Note that the
second pulsed clock signal 42B is delayed by the propaga-
tion delay of the delay element 50B with respect to the first
pulsed clock signal 42A. Furthermore, the third pulsed clock
signal 42C is delayed by the propagation delay of the delay
element 50C with respect to the second pulsed clock signal
42B. Thus, sampling by the redundant latches 54 is tempo-
rally separated so that if there is a SET in the input bit state
of the input bit signal 58 due to a radiation strike, no more
than one of the redundant latches 54 would sample the input
bit state during the soft error. Accordingly, the majority gate
56 would still provide the correct resultant bit state of the
resultant bit signal appropriately through the majority vote
correction provided by the majority gate 56.

FIG. 3 illustrates an exemplary signal diagram for the
radiation hardened digital circuit 44 shown in FIG. 2. More
specifically, FIG. 3 includes a signal diagram with the first
clock input signal 40A, the second clock input signal 40B,
the third clock input signal 40C, the first pulsed clock signal
42A, the second pulsed clock signal 42B, the third pulsed
clock signal 42C, the input bit signal 58, and the resultant
output signal 62. As explained above with respect to FIG. 2,
the first pulsed clock signal 42A is provided as the signal 20.
To begin, the first clock input signal 40A is shown to include
a clock pulse CP40A when the first clock input signal 40A
is in the first clock state (in this example, a high voltage
state). The second clock input signal 40B is generated by the
Muller C element 48B is delayed by the propagation delay
PD1 of the delay element 50B with respect to the first clock
input signal 40A, as explained above. Thus, the second clock
input signal 40B has a clock pulse CP40B delayed by the
propagation delay PD1. The third clock input signal 40C is
generated by the Muller C element 48C and delayed by the
propagation delay PD2 of the delay element 50C with
respect to the second clock input signal 40B, as explained
above. Thus, the third clock input signal 40C has a clock
pulse CP40C delayed by the propagation delay PD2 from
the clock pulse CP40B and delayed by an aggregate of the
propagation delay PD1 and the propagation delay PD2 from
the clock pulse CP40A.

As such, the pulsed clock generator PGA (shown in FIG.
2) generates the first pulsed clock signal 42A from the first
clock input signal 40A with a clock pulse CP42A in response
to the clock pulse CP40A of the first clock input signal 40A.
Since the duty cycle of the first pulsed clock signal 42A is
much shorter (less than 25%) than the duty cycle of the first
clock input signal 40A, the clock pulse CP42A is much
shorter than the clock pulse CP40A. The pulsed clock
generator PGB (shown in FIG. 2) generates the second
pulsed clock signal 42B from the second clock input signal
40B with a clock pulse CP42B in response to the clock pulse
CP40B of the second clock input signal 40B. Since the duty
cycle of the second pulsed clock signal 42B is much shorter
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(less than 25%) than the duty cycle of the second clock input
signal 40B, the clock pulse CP42B is much shorter than the
clock pulse CP40B. Furthermore, since the second clock
input signal 40B is delayed with respect to the first clock
input signal 40A by the propagation delay PD1, the clock
pulse CP42B is delayed with respect to the clock pulse
CP42A by the propagation delay PD1. The pulsed clock
generator PGC (shown in FIG. 2) generates the third pulsed
clock signal 42C from the third clock input signal 40C with
a clock pulse CP42C in response to the clock pulse CP40C
of the third clock input signal 40C. Since the duty cycle of
the third pulsed clock signal 42C is much shorter (less than
25%) than the duty cycle of the third clock input signal 40C,
the clock pulse CP42C is much shorter than the clock pulse
CP40C. Furthermore, since the third clock input signal 40C
is delayed with respect to the second clock input signal 40B
by the propagation delay PD2, the clock pulse CP42C is
delayed with respect to the clock pulse CP42B by the
propagation delay PD2. Additionally, since the third clock
input signal 40C is delayed with respect to the first clock
input signal 40A by the aggregate of the propagation delay
PD1 and the propagation delay PD2, the clock pulse CP42C
is delayed with respect to the clock pulse CP42A by the
aggregate of the propagation delay PD1 and the propagation
delay PD2.

Accordingly, the first redundant latch 54A (shown in FIG.
2) samples the input bit state of the input bit signal 58 in
response to the clock pulse CP42A. During the clock pulse
CP42A of the first pulsed clock signal 42A, the input bit state
of the input bit signal 58 is in a high voltage state. However,
because of the majority voting provided by the majority gate
56, the resultant output bit state of the output bit resultant
output signal 62 is not provided in the high voltage state
until at least two of the redundant latches 54 sample the
input bit state of the input bit signal 58 in the high voltage
state. The second redundant latch 54B (shown in FIG. 2)
samples the input bit state of the input bit signal 58 in
response to the clock pulse CP42B. During the clock pulse
CP42B of the second pulsed clock signal 42B, the input bit
state of the input bit signal 58 is in the high voltage state. The
resultant output bit state of the output bit resultant output
signal 62 is now provided in the high voltage state since the
redundant latches 54A, 54B have sampled the input bit state
of the input bit signal 58 in the high voltage state. The third
redundant latch 54C (shown in FIG. 2) samples the input bit
state of the input bit signal 58 in response to the clock pulse
CP42C. During the clock pulse CP42C of the third pulsed
clock signal 42C, the input bit state of the input bit signal 58
is in the high voltage state.

FIG. 3 illustrates a SET SE that is provided in the global
clock signal 20 and the first clock input signal 40A due to a
radiation strike. As a result, the first pulsed clock signal 42A
includes an erroneous clock pulse ECP as a result of the soft
error SE. Thus, the first redundant latch 54 A (shown in FIG.
2) samples the input bit state of the input bit signal 58
inappropriately. However, the Muller C elements 48B, 48C
(shown in FIG. 2) prevent the second clock input signal 40B
and the third clock input signal 40C, respectively, from
having a SET due to the SET SE in the global clock signal
20 and the first clock input signal 40A. Therefore, the second
pulsed clock signal 42B and the third pulsed clock signal
42C do not include erroneous clock pulses, and thus the
redundant latches 54B, 54C do not erroneously sample the
input bit state of the input bit signal 58. Therefore, due to
majority voting of the majority gate 56 (shown in FIG. 2),
the resultant output bit state of the resultant output bit
resultant output signal 62 is maintained appropriately
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despite the soft error SE provided in the global clock signal
20 and the first clock input signal 40A due to the radiation
strike.

FIG. 4 illustrates an exemplary radiation hardened digital
circuit 64 in accordance to one embodiment of the design
shown in FIG. 1A. As such, the radiation hardened digital
circuit 64 includes the RHDCGC coupled to the global clock
tree 38 so as to receive the global clock signal 20. In this
example, the RHDCGC is provided locally in the SSC, as
described above with respect to FIG. 1A. The RHDCGC is
configured to provide the first clock input signal 40A, the
second clock input signal 40B, and the third clock input
signal 40C to the TMRPCG of the TMRMBMVPCL in the
SSC. It should be noted that, for the sake of simplicity and
clarity, the TMRMBMVPCL only shows an exemplary
embodiment of one of the TMRMVLs, which is the same as
the TMRMVL shown in FIG. 2. However, as illustrated in
FIG. 1A, since the TMRMBMVPCL is multi-bit, the
TMRMBMVPCL actually has multiple TMRMVLs, which
are not explicitly shown, and may all be provided in the
same manner as the TMRMVL shown in FIG. 2 and FIG. 4.
The TMRPCL includes the pulse clock generator PGA
configured to generate the first pulsed clock signal 42A, the
pulse clock generator PGB configured to generate the sec-
ond pulsed clock signal 42B, and the pulse clock generator
PGC configured to generate the third pulsed clock signal
42C, as described above with respect to FIG. 2. In this
embodiment, each of the TMRMVLs (only one which is
explicitly shown in FIG. 4) in the TMRMBMVPCL would
receive the first pulsed clock signal 42A, the second pulsed
clock signal 42B, and the third pulsed clock signal 42C.

Referring again to FIG. 4, the RHDCGC is configured to
receive the global clock signal 20. In this embodiment, the
RHDCGC includes a Muller C element 48A, and the delay
network 46 includes a delay element 50A. The delay ele-
ment 50A is identical to the delay elements 50B, 50C. The
delay element 50A is configured to receive the global clock
signal 20 and generate a first redundant latch 52A from the
global clock signal 20. As such, the first redundant latch 52A
is delayed with respect to the global clock signal 20. More
specifically, the delay element 50A has a propagation delay
and thus, the first redundant latch 52A is generated by the
delay element 50A delayed by the propagation delay from
the global clock signal 20.

The delay element 50B is coupled to receive the first
redundant latch 52A from the delay element 50A and
generate a delayed clock signal 52B from the first redundant
latch 52A. As such, the delayed clock signal 52B is delayed
with respect to the first redundant latch 52A and the first
clock input signal 40A. More specifically, the delay element
50A has a propagation delay and thus, the delayed clock
signal 52B is generated by the delay element 50A delayed by
the propagation delay from the first redundant latch 52A and
from the first clock input signal 40 A. The delay element 50A
is configured such that the propagation delay provided by
the delay element 50A is statistically highly likely to be
greater than a temporal length of a soft errors caused by
radiation strikes. In this embodiment, the delay elements
50A, 50B are identical and thus have identical propagation
delays. Accordingly, the delayed clock signal 52B is delayed
with respect to the global clock signal 20 by twice the
propagation delay.

The delay element 50C is coupled to receive the delayed
clock signal 52B from the delay element 50B. The delay
element 50B is configured to receive the delayed clock
signal 52B and generate a delayed clock signal 52C from the
delayed clock signal 52B. As such, the delayed clock signal
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52C is delayed with respect to the delayed clock signal 52B
and the second clock input signal 40B. More specifically, the
delay element 50B has a propagation delay and thus, the
delayed clock signal 52C is generated by the delay element
50B delayed by the propagation delay from the delayed
clock signal 52B and from the second clock input signal
40B. The delay element 50B is configured such that the
propagation delay provided by the delay element 50B is
statistically highly likely to be greater than a temporal length
of a soft errors caused by radiation strikes. In this embodi-
ment, the delay elements 50A, 50B, 50C are identical and
thus have nominally identical propagation delays. Accord-
ingly, the delayed clock signal 52B is delayed with respect
to the global clock signal 20 by three times the propagation
delay, with respect to the first clock input signal 40A by
twice the propagation delay, and the first clock input signal
40A by the propagation delay.

The RHDCGC is configured to protect a radiation strike
from resulting in a SET in the first clock input signal 40A,
in the second clock input signal 40B, and in the third clock
input signal 40C. More specifically, if a radiation strike
results in a soft error in the global clock signal 20, the
RHDCGC is configured to protect a soft error, in the first
clock input signal 40A, in the second clock input signal 40B,
and in the third clock input signal 40C. In this embodiment,
the Muller C element 48A has an input terminal configured
to receive the global clock signal 20 and another input
terminal coupled to the delay element 50A so as to receive
the first redundant latch 52A. In this manner, the Muller C
element 48A is configured to generate the first clock input
signal 40A. More specifically, the Muller C element 48A is
configured to set the first clock input signal 40A to one of the
set of clock states (i.e., the first clock state or the second
clock state) in response to the first redundant latch 52A and
the global clock signal 20 each being provided in a same one
of'the set of clock states (i.e., both being provided in the first
clock state, or both being provided in the second clock state).
For example, in this embodiment, the Muller C element 48A
is a non-inverting Muller C element. As such, the Muller C
element 48A is configured to set the first clock input signal
40A to the first clock state in response to the first redundant
latch 52 A and the global clock signal 20 each being provided
in the first clock state. Likewise, the Muller C element 48A
is configured to set the first clock input signal 40A to the
second clock state in response to the first redundant latch
52A and the global clock signal 20 each being provided in
the second clock state. The Muller C elements 48B, 48C
generate the second clock input signal 40B and the third
clock input signal 40C in the same manner described above
with respect to FIG. 3. However, in this embodiment, since
the first clock input signal 40A is delayed by the propagation
delay of the delay element 50A, the Muller C element 48B
generates the second clock input signal 40B is delayed by
the aggregate of the propagation delay of the delay element
50A and the propagation delay of the delay element 50B
with respect to the global clock signal 20 and the Muller C
element 48C generates the third clock input signal 40C is
delayed by the aggregate of the propagation delay of the
delay element 50A, the propagation delay of the delay
element 50B, and the propagation delay of the delay element
50C with respect to the global clock signal 20.

In this embodiment, the RHDCGC is provided within the
SSC. Thus, an output terminal of the Muller C element 48A
is connected to the pulsed clock generator PGA, the output
terminal of the Muller C element 48B is connected to the
pulsed clock generator PGB, and the output terminal of the
Muller C element 48C is connected to the pulsed clock
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generator PGC. The pulsed clock generators PGA, PGB,
PGC generate the first clock input signal 40A, the second
clock input signal 40B, and the third clock input signal 40C
in the same manner described above with respect to FIG. 2.
However, because of the delay element 50A, the pulsed
clock generator PGA generates the first pulsed clock signal
42A, which is delayed by the propagation delay of the delay
element 50A with respect to the global clock signal 20; the
pulsed clock generator PGB generates the second pulsed
clock signal 42B, which is delayed by the aggregate of the
propagation delay of the delay element 50A and the propa-
gation delay of the delay element 50B with respect to the
global clock signal 20; and the pulsed generator PGC
generates third pulsed clock signal 42C, which is delayed by
the aggregate of the propagation delay of the delay element
50A, the propagation delay of the delay element 50B, and
the propagation delay of the delay element 50C with respect
to the global clock signal 20.

FIG. 5A illustrates an exemplary signal diagram for the
radiation hardened digital circuit 64 shown in FIG. 4 with no
soft errors and during normal operation. More specifically,
FIG. 5A includes a signal diagram with the signal 20, the
first clock input signal 40A, the second clock input signal
40B, the third clock input signal 40C, the first pulsed clock
signal 42A, the second pulsed clock signal 42B, the third
pulsed clock signal 42C, the input bit signal 58, and the
resultant output signal 62. To begin, the first clock input
signal 40A is shown to include the clock pulse CP40A when
the first clock input signal 40A is in the first clock state (in
this example, a high voltage state). The first clock input
signal 40A is generated by the Muller C element 48A
delayed by the propagation delay of the delay element 50B
with respect to the signal 20, as explained above. The second
clock input signal 40B is generated by the Muller C element
48B delayed by the propagation delay of the delay element
50B with respect to the first clock input signal 40A, as
explained above. Thus, the second clock input signal 40B
has the clock pulse CP40B delayed by the propagation delay.
The third clock input signal 40C is generated by the Muller
C element 48C delayed by the propagation delay of the delay
element 50C with respect to the second clock input signal
40B, as explained above.

As such, the pulsed clock generator PGA (shown in FIG.
4) generates the first pulsed clock signal 42A from the first
clock input signal 40A with a clock pulse CP42A in response
to the clock pulse CP40A of the first clock input signal 40A.
Since the duty cycle of the first pulsed clock signal 42A is
much shorter (less than 25%) than that of the duty cycle of
the first clock input signal 40A, the clock pulse CP42A is
much shorter than the clock pulse CP40A. The pulsed clock
generator PGB (shown in FIG. 4) generates the second
pulsed clock signal 42B from the second clock input signal
40B with a clock pulse CP42B in response to the clock pulse
CP40B of the second clock input signal 40B. Since the duty
cycle of the second pulsed clock signal 42B is much shorter
(less than 25%) that that of the duty cycle of the second
clock input signal 40B, the clock pulse CP42B is much
shorter than the clock pulse CP40B. Furthermore, since the
second clock input signal 40B is delayed with respect to the
first clock input signal 40A by the propagation delay, the
clock pulse CP42B is delayed with respect to the clock pulse
CP42A by the propagation delay. The pulsed clock generator
PGC (shown in FIG. 4) generates the third pulsed clock
signal 42C from the third clock input signal 40C with a clock
pulse CP42C in response to the clock pulse CP40C of the
third clock input signal 40C. Since the duty cycle of the third
pulsed clock signal 42C is much shorter (less than 25%) than
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that of the duty cycle of the third clock input signal 40C, the
clock pulse CP42C is much shorter than the clock pulse
CP40C. Furthermore, since the third clock input signal 40C
is delayed with respect to the second clock input signal 40B
by the propagation delay, the clock pulse CP42C is delayed
with respect to the clock pulse CP42B by the propagation
delay.

Accordingly, the first redundant latch 54A (shown in FIG.
4) samples the input bit state of the input bit signal 58 in
response to the clock pulse CP42A. During the clock pulse
CP42A of the first pulsed clock signal 42A, the input bit state
of the input bit signal 58 is in a high voltage state. However,
because of the majority voting provided by the majority gate
56 (shown in FIG. 4), the resultant output bit state of the
output bit resultant output signal 62 is not provided in the
high voltage state until at least two of the redundant latches
54 sample the input bit state of the input bit signal 58 in the
high voltage state. The second redundant latch 54B (shown
in FIG. 4) samples the input bit state of the input bit signal
58 in response to the clock pulse CP42B. During the clock
pulse CP42B of the second pulsed clock signal 42B, the
input bit state of the input bit signal 58 is in the high voltage
state. The resultant output bit state of the output bit resultant
output signal 62 is now provided in the high voltage state
since the redundant latches 54 A, 54B have sampled the input
bit state of the input bit signal 58 in the high voltage state.
The third redundant latch 54C (shown in FIG. 4) samples the
input bit state of the input bit signal 58 in response to the
clock pulse CP42C. During the clock pulse CP42C of the
third pulsed clock signal 42C, the input bit state of the input
bit signal 58 is in the high voltage state.

The setup time requirement tSETUP and the hold time
requirement tHOLD are shown in FIG. 5A. Since the
resultant output signal 62 shown in FIG. 4A is majority
voted, and the first output bit signal 60A (shown in FIG. 4),
the second output bit signal 60B (shown in FIG. 4), and the
third output bit signal 60C (shown in FIG. 4) to the majority
gate 56 (shown in FIG. 4) are skewed in time by the amount
of triple-mode redundant pulse-clock skew, the clock signal
timing occurs after the second redundant latch 54B receives
correct data. This may create a hold timing issue for back to
back TMRMVLs. However, this can be dealt with through
appropriate hold buffer insertion. Appropriate buffer inser-
tion is a standard problem resolved using automated place
and route tools, and does not present a serious issue.

FIG. 5B illustrates an exemplary signal diagram for the
radiation hardened digital circuit 64 shown in FIG. 4 where
a SET is caused by a radiation strike on the first pulsed clock
signal 42A. Thus, the first pulsed clock signal 42A does not
include the clock pulse CP42A (shown in FIG. 5A). The
resultant output signal 62 is not provided in the correct
resultant bit state until the clock pulse CP42C. However, the
correct resultant bit state is provided due to the majority
voting.

FIG. 5C illustrates an exemplary signal diagram for the
radiation hardened digital circuit 64 shown in FIG. 4 where
a SET SE1 is caused by a radiation strike on the input bit
signal 58. Thus, the input bit state of the input bit signal 58
is inappropriately low during the SET SE1. The resultant
output signal 62 is not provided in the correct resultant bit
state until the clock pulse CP42C. However, the correct
resultant bit state is provided due to the majority voting.

FIG. 5D illustrates an exemplary signal diagram for the
radiation hardened digital circuit 64 shown in FIG. 4 where
a soft error is caused by a radiation strike on the third pulsed
clock signal 42C. Thus, the third pulsed clock signal 42C
does not include the clock pulse CP42C (the pulse is
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suppressed as shown in FIG. 5A). In some cases, it may be
too short to allow the latches to properly capture the data
rather than being suppressed completely. However, the cor-
rect resultant bit state is provided in the resultant output
signal 62 due to the majority voting.

FIG. 6 is a block diagram of exemplary pulsed clock latch
70. However, the pulsed clock latch 70 also includes a latch
54, which may be the first redundant latch 54 A, the second
redundant latch 54B, or the third redundant latch 54C. The
latch 54 has a sampling stage 72 configured to sample the
input bit signal 58 having an initial input bit state to generate
the output bit signal 60 while the pulsed clock signal 42 is
in the first clock state. The output bit signal 60 could be the
output bit signal 60A, the output bit signal 60B, or the output
bit signal 60C. Thus, the latch 54 is transparent while the
pulsed clock signal 42 is in the first clock state. To generate
the output bit signal 60, the sampling stage 72 generates an
intermediary output bit local clock path 74. The output bit
signal 60 may be one of the output bit signal 60A, the output
bit signal 60B, and the output bit signal 60C. Since an
intermediary output bit state of the intermediary output bit
local clock paths 74 is based on the initial input bit state, the
first input bit state of the input bit signal 58 is related to the
intermediary output bit state of the intermediary output bit
local clock paths 74. In this example, the intermediary
output bit state and the output bit state are inverted by an
inverter 76.

A feedback stage 78 is configured to drive the interme-
diary output bit state of the intermediary output bit local
clock paths 74 such that the intermediary output bit state is
held at storage node 80 as provided from the sampling stage
72 while the pulsed clock signal 42 is in the second clock
state. The feedback stage 78 generates a feedback signal 79
having a bit state set in accordance with the intermediary
output bit state of the intermediary output bit local clock
paths 74. Thus, the latch 54 is opaque while the pulsed clock
signal 42 is in the second clock state. The pulsed clock signal
42 may be one of the first pulsed clock signal 42A, the
second pulsed clock signal 42B, and the third pulsed clock
signal 42C.

The pulsed clock latch 70 has a pulsed clock generator
PG, which may be the pulsed clock generator PGA, the
pulsed clock generator PGB, or the pulsed clock generator
PGC. The pulsed clock generator PG is configured to
generate the pulsed clock signal 42 from a clock input signal
40. The clock input signal 40 may be the first clock input
signal 40A, the second clock input signal 40B, and the third
clock input signal 40C. In this embodiment, local clock
paths 82 are coupled between the pulsed clock generator PG
and the latch 54. One of the local clock paths 82 provides the
pulsed clock signal 42 and another provided a pulsed clock
signal 42N, which is inverted with respect to the pulsed
clock signal 42.

FIG. 7 illustrates an exemplary circuit diagram of the
pulsed clock latch 70 shown in FIG. 6. The pulsed clock
generator PG is configured to generate the pulsed clock
signal 42 from the clock input signal 40. The clock genera-
tion circuit includes an AND gate 84 having an AND gate
input terminal 86, an AND gate input terminal 88, and an
AND gate output terminal 90. The pulsed clock generator
PG also includes a delay circuit 92, which in this embodi-
ment includes an inverter 94, an inverter 96, and an inverter
98 coupled in series. The AND gate 84 is configured to
receive the clock input signal 40 at the AND gate input
terminal 86 while the delay circuit 92 is configured to
receive the clock input signal 40 at the inverter 94.
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The delay circuit 92 is configured to have a propagation
delay Ad and is thus configured to generate a delayed clock
signal 100. The delayed clock signal 100 is received by the
AND gate 84 at the AND gate input terminal 88. Note that
the inverter 94, the inverter 96, and the inverter 98 in the
delay circuit 92 provide an odd number of inversions.
Consequently, the delayed clock signal 100 is inverted and
delayed with respect to the clock input signal 40 by the
propagation delay Ad. The propagation delay Ad is signifi-
cantly shorter than a time duration t of a clock period of the
clock input signal 40. Thus, although the delayed clock
signal 100 also has a clock period of the time duration t, the
clock input signal 40 and the delayed clock signal 100
overlap in the first clock state (which in this embodiment is
high) for the propagation delay Ad. Consequently, the AND
gate 84 generates the pulsed clock signal 42 from the AND
gate output terminal 90 in the first clock state during a clock
period having a time duration equal to the propagation delay
Ad. The local clock paths 82 may be coupled to the AND
gate output terminal 90 so as to receive the pulsed clock
signal 42.

In this example, the sampling stage 72 is provided by a
pass gate 102, and the feedback stage 78 is provided by an
inverter gate 104 and a tristate inverter gate 106 in a
feedback path 108. The inverter gate 104 generates an
intermediary feedback signal 110 having an intermediary
feedback bit state set in accordance with the intermediary
output bit state of the intermediary output bit local clock
paths 74. The tristate inverter gate 106 generates the feed-
back signal 79 having the bit state set in accordance with the
intermediary feedback bit state of the intermediary feedback
signal 110. The tristate inverter gate 106 is configured to
deactivate while the pulsed clock signal 42 is in the first
clock state (which is high in this embodiment), and thus
when the pass gate 102 is transparent. The tristate inverter
gate 106 is configured to activate while the pulsed clock
signal 42 is second clock state (which is low in this embodi-
ment), and thus when the pass gate 102 is opaque.

When activated, the tristate inverter gate 106 drives the
output bit state of the output bit signal 60 at the storage node
80 in accordance with the feedback bit state of the feedback
signal 79. However, while the pulsed clock signal 42 is in the
first clock state, the tristate inverter gate 106 is deactivated.
The intermediary output bit state of the intermediary output
bit local clock paths 74 was set in accordance with the input
bit state of the input bit local clock paths 74 while the pulsed
clock signal 42 was in the first clock state during the
previous clock period.

FIG. 8 illustrates one embodiment of a triple mode
redundant majority voted pulsed clock latch TMRMVPCL,
which includes one embodiment of a pulsed clock latch 70A
(which is identical to the pulsed clock latch 70 shown in
FIG. 6), the pulsed clock latch 70B (which is identical to the
pulsed clock latch 70 shown in FIG. 6) and the pulsed clock
latch 70C (which is identical to the pulsed clock latch 70
shown in FIG. 6). In this embodiment, the pulsed clock latch
70A is the pulsed clock latch 70 shown in FIG. 7. Thus, the
sampling stage 72 is referred to as a sampling stage 72A, the
storage node 80 is referred to as the storage node 80A, the
feedback stage 78 is referred to as the feedback stage 78A,
and the inverter 76 is referred to as the inverter 76A. The
sampling stage 72A is configured to receive the input bit
signal 58. The local clock paths 82 are referred to as the local
clock paths 82A, which receives the first pulsed clock signal
42A from the pulsed clock generator PGA. The pulsed clock
generator PGA is configured to generate the first pulsed
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clock signal 42A based on the first clock input signal 40A,
as explained above with respect to FIGS. 2 and 4.

The pulsed clock latch 70B is a pulsed clock latch that is
identical to the pulsed clock latch 70 shown in FIG. 7. Thus,
the sampling stage 72 is referred to as a sampling stage 72B,
the storage node 80 is referred to as the storage node 80B,
the feedback stage 78 is referred to as the feedback stage
78B, and the inverter 76 is referred to as the inverter 76B.
The sampling stage 72B is configured to receive the input bit
signal 58. The local clock paths 82 are referred to as the local
clock paths 82B, which receives the second pulsed clock
signal 42B from the pulsed clock generator PGB. The pulsed
clock generator PGB is configured to generate the second
pulsed clock signal 42B based on the second clock input
signal 40B, as explained above with respect to FIGS. 2 and
4.

The pulsed clock latch 70C is a pulsed clock latch that is
identical to the pulsed clock latch 70 shown in FIG. 7. Thus,
the sampling stage 72 is referred to as a sampling stage 72C,
the storage node 80 is referred to as the storage node 80C,
the feedback stage 78 is referred to as the feedback stage
78C, the inverter 76 is referred to as the inverter 76C. The
sampling stage 72C is configured to receive the input bit
signal 58. The local clock paths 82 are referred to as the local
clock paths 82C, which receives the third pulsed clock signal
42C from the pulsed clock generator PGC. The pulsed clock
generator PGC is configured to generate the third pulsed
clock signal 42C based on the third clock input signal 40C,
as explained above with respect to FIGS. 2 and 4.

As explained above with respect to FIGS. 2 and 4, the
majority gate is provided to receive the first output bit signal
60A from the first redundant latch 54 A, the second output bit
signal 60B from the second redundant latch 54B, and the
third output bit signal 60C from the third redundant latch
54C. Due to the inverter gates 76A, 76B, 76C, the majority
gate 56 is an inverting majority gate. The majority gate 56
is configured to set the resultant output bit state of the
resultant output bit resultant output signal 62 to an inverse
of the majority bit state of the first output bit state, the
second output bit state, and the third output bit state.

It is important to configure the physical layout to make it
statistically unlikely for a single impinging radiation particle
to upset multiple nodes in the circuit, since upsetting for
instance, two of the latches driving one majority gate would
allow those upsets to propagate. FIG. 9 illustrates a physical
layout of one embodiment of one of the SSCs shown in FIG.
1A, which is organized in interleaved cell columns. The SSC
shown in FIG. 9 is a sixteen bit TMRMVPCL. Columns in
the center provide the TMR PCG and the RHDCGC. One
column of cell rows includes a TMRMVPCL(I) and a
TMRMVPCL(II). Another column of cell rows includes a
TMRMVPCL(III) and a TMRMVPCL(IV). Another column
of cell rows includes a TMRMVPCL(V) and a TMRMVP-
CL(V]). Another column of cell rows includes a TMRM-
VPCL(VII]) and a TMRMVPCL(VIII). Another column of
cell rows includes a TMRMVPCL(IX) and a TMRMVPCL
(X). Another column of cell rows includes a TMRMVPCL
(XI) and a TMRMVPCL(XII). Another column of cell rows
includes a TMRMVPCL(XII]) and a TMRMVPCL(XIV).
Another column of cell rows includes a TMRMVPCL(XV)
and a TMRMVPCL(XVTI).

FIG. 10 illustrates the column organization of the sixteen
bit TMRMVPCL of the SSC shown in FIG. 9. In the center
columns with the clocking circuitry, the delay elements S0A,
50B, 50C are provided along with the Muller C elements
48A, 48B, 48C and with the pulse clock generators PGA,
PGB, PGC. In the other columns, the TMRMVPCL(I)
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includes the first redundant latch 54 A(I), the second redun-
dant latch 54B(I), and the third redundant latch 54C(I),
which are coupled to the majority gate 56(1). Also, in the
other columns, the TMRMVPCL(II) includes the first redun-
dant latch 54A(1I), the second redundant latch 54B(1I), and
the third redundant latch 54C(II), which are coupled to the
majority gate 56(11). The first redundant latch 54A(I) of the
TMRMVPCL(]) and the first redundant latch 54A(II) of the
TMRMVPCL(II) each receive the first pulsed clock signal
42A from the pulsed clock generator PGA. The second
redundant latch 54B(I) of the TMRMVPCL(I) and the
second redundant latch 54B(II) of the TMRMVPCL(II) each
receive the second pulsed clock signal 42B from the pulsed
clock generator PGB. The third redundant latch 54C(I) of
the TMRMVPCL(]) and the third redundant latch 54C(II) of
the TMRMVPCL(II) each receive the third pulsed clock
signal 42C from the pulsed clock generator PGC.

Those skilled in the art will recognize improvements and
modifications to the preferred embodiments of the present
disclosure. All such improvements and modifications are
considered within the scope of the concepts disclosed herein
and the claims that follow.

What is claimed is:
1. A radiation hardened digital circuit, comprising:
a delay network configured to receive a global clock
signal and generate a first delayed clock signal from the
global clock signal such that the first delayed clock
signal is delayed with respect to the global clock signal;
and
a first Muller C element configured to receive the global
clock signal and the first delayed clock signal, wherein
the first Muller C element is configured to:
generate a first clock input signal;
set the first clock input signal to one of a set of clock
states in response to the first delayed clock signal and
the global clock signal each being provided in a same
one of the set of clock states, wherein the set of clock
states comprises a first clock state and a second clock
state; and

hold the first clock input signal in the one of the set of
clock states in response to the first delayed clock
signal and the global clock signal being provided in
different ones of the set of clock states.

2. The radiation hardened digital circuit of claim 1, further

comprising:

a first pulsed clock generator configured to generate a first
pulsed clock signal from the first clock input signal;
and

a first latch configured to receive the first pulsed clock
signal and a first input bit signal having a first input bit
state, the first latch is being configured to:
generate a first output bit signal;
sample the first input bit state to set a first output bit

state of the first output bit signal based on the first
input bit state in response to the first pulsed clock
signal being in one of the set of clock states; and
hold the first output bit state while the first pulsed clock
signal is in an other one of the set of clock states.

3. The radiation hardened digital circuit of claim 1 further

comprising a second Muller C element wherein:

the delay network is further configured to generate a
second delayed clock signal from the first delayed
clock signal such that that the second delayed clock
signal is delayed with respect to the first delayed clock
signal; and
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the second Muller C element is configured to receive the
global clock signal and the second delayed clock sig-
nal, wherein the second Muller C element is configured
to:
generate a second clock input signal such that the
second clock input signal is delayed with respect to
the first clock input signal;

set the second clock input signal to one of a set of clock
states in response to the second delayed clock signal
and the global clock signal each being provided in a
same one of the set of clock states; and

hold the second clock input signal in the one of the set
of clock states in response to the second delayed
clock signal and the global clock signal being pro-
vided in different ones of the set of clock states.

4. The radiation hardened digital circuit of claim 3, further
comprising:

a first pulsed clock generator configured to generate a first

pulsed clock signal from the first clock input signal;

a second pulsed clock generator configured to generate a
second pulsed clock signal from the second clock input
signal such that the second pulsed clock signal is
delayed with respect to the first pulsed clock signal;

a first latch configured to receive the first pulsed clock
signal and a first input bit signal having a first input bit
state, the first latch is being configured to:
generate a first output bit signal;
sample the first input bit state to set a first output bit

state of the first output bit signal based on the first
input bit state in response to the first pulsed clock
signal being in one of the set of clock states; and
hold the first output bit state while the first pulsed clock
signal is in an other one of the set of clock states; and
a second latch configured to receive the second pulsed
clock signal and the first input bit signal, the second
latch is being configured to:
generate a second output bit signal;
sample the first input bit state to set a second output bit
state of the second output bit signal based on the first
input bit state in response to the second pulsed clock
signal being in one of the set of clock states; and

hold the second output bit state while the second pulsed
clock signal is in an other one of the set of clock
states.
5. The radiation hardened digital circuit of claim 4 further
comprising:
a third pulsed clock generator configured to receive the
global clock signal and generate a third pulsed clock
signal from the global clock signal; and
a third latch configured to receive the third pulsed clock
signal and the first input bit signal, the third latch is
being configured to:
generate a third output bit signal;
sample the first input bit state to set a third output bit
state of the third output bit signal based on the first
input bit state in response to the third pulsed clock
signal being in one of the set of clock states; and

hold the third output bit state while the third pulsed
clock signal is in an other one of the set of clock
states.

6. The radiation hardened digital circuit of claim 5 further
comprising a majority gate configured to receive the first
output bit signal, the second output bit signal, and the third
output bit signal wherein the majority gate is configured to
generate a first resultant output bit signal set to a majority bit
state of the first output bit state, the second output bit state,
and the third output bit state.
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7. The radiation hardened digital circuit of claim 6 further
comprising a first delay element configured to receive the
global clock signal and generate the first delayed clock
signal from the global clock signal.
8. The radiation hardened digital circuit of claim 7 further
comprising a second delay element configured to receive the
first delayed clock signal and generate the second delayed
clock signal from the first delayed clock signal.
9. The radiation hardened digital circuit of claim 8
wherein the first delay element and the second delay element
are identical.
10. The radiation hardened digital circuit of claim 4
further comprising a global clock tree wherein the first
Muller C element and the second Muller C element are
coupled to the first pulsed clock generator and the second
pulsed clock generator through the global clock tree.
11. The radiation hardened digital circuit of claim 3
further comprising a third Muller C element wherein:
the delay network is further configured to generate a third
delayed clock signal from the second delayed clock
signal such that that the third delayed clock signal is
delayed with respect to the third delayed clock signal;
and
the third Muller C element is configured to receive the
global clock signal and the third delayed clock signal,
wherein the third Muller C element is configured to:
generate a third clock input signal such that the third
clock input signal is delayed with respect to the
second clock input signal;

set the third clock input signal to one of a set of clock
states in response to the third delayed clock signal
and the global clock signal each being provided in a
same one of the set of clock states; and

hold the third clock input signal in the one of the set of
clock states in response to the third delayed clock
signal and the global clock signal being provided in
different ones of the set of clock states.

12. The radiation hardened digital circuit of claim 11,
further comprising:

a first pulsed clock generator configured to generate a first

pulsed clock signal from the first clock input signal;

a second pulsed clock generator configured to generate a
second pulsed clock signal from the second clock input
signal such that the second pulsed clock signal is
delayed with respect to the first pulsed clock signal;

a third pulsed clock generator configured to generate a
third pulsed clock signal from the third clock input
signal such that the third pulsed clock signal is delayed
with respect to the second pulsed clock signal;

a first latch configured to receive the first pulsed clock
signal and a first input bit signal having a first input bit
state, the first latch is being configured to:
generate a first output bit signal;
sample the first input bit state to set a first output bit

state of the first output bit signal based on the first
input bit state in response to the first pulsed clock
signal being in one of the set of clock states; and
hold the first output bit state while the first pulsed clock
signal is in an other one of the set of clock states;

a second latch configured to receive the second pulsed
clock signal and the first input bit signal, the second
latch is being configured to:
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generate a second output bit signal;

sample the first input bit state to set a second output bit
state of the second output bit signal based on the first
input bit state in response to the second pulsed clock
signal being in one of the set of clock states; and

hold the second output bit state while the second pulsed
clock signal is in an other one of the set of clock
states; and

a third latch configured to receive the third pulsed clock

signal and the first input bit signal, the third latch is

being configured to:

generate a third output bit signal;

sample the first input bit state to set a third output bit
state of the third output bit signal based on the first
input bit state in response to the third pulsed clock
signal being in one of the set of clock states; and

hold the third output bit state while the third pulsed
clock signal is in an other one of the set of clock
states.

13. The radiation hardened digital circuit of claim 12
further comprising a majority gate configured to receive the
first output bit signal, the second output bit signal, and the
third output bit signal wherein the majority gate is config-
ured to generate a first resultant output bit signal set to a
majority bit state of the first output bit state, the second
output bit state, and the third output bit state.

14. The radiation hardened digital circuit of claim 13
further comprising a first delay element configured to
receive the global clock signal and generate the first delayed
clock signal from the global clock signal.

15. The radiation hardened digital circuit of claim 14
further comprising a second delay element configured to
receive the first delayed clock signal and generate the second
delayed clock signal from the first delayed clock signal.

16. The radiation hardened digital circuit of claim 15
further comprising a third delay element configured to
receive the second delayed clock signal and generate the
third delayed clock signal from the second delayed clock
signal.

17. The radiation hardened digital circuit of claim 16
wherein the first delay element, the second delay element,
and the third delay element are identical.

18. The radiation hardened digital circuit of claim 16
further comprising a global clock tree wherein the first delay
element, the first Muller C element, the second Muller C
element, the third Muller C element are each configured to
receive the global clock signal through the global clock tree.

19. The radiation hardened digital circuit of claim 18
further comprising a global clock circuit coupled to the
global clock tree and configured to generate the global clock
circuit.

20. The radiation hardened digital circuit of claim 19
wherein the delay network, the first Muller C element, the
second Muller C element, the third Muller C element, the
first pulsed clock generator, the second pulsed clock gen-
erator, the third pulsed clock generator, the first latch, the
second latch, the third latch, and the majority gate are each
provided in a sequential state circuit.
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